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STATUS OF SPIN RESEARCH FOR RECENT AIRPLANE DESIGNS 1

By ANSItAL I. NEIttOUSE, _'o4.LTER J. I_LINAR,

and STANLEY It. SCFIEIt

SUMMARY

This report presents the status oJ spin research for
recent airplane designs as interpreted at the Langley

Research Center o/ the Notional Aeronautics and

Space Administration. _Iajor problem areas dis-
cussed include:

(1) Interpretation of results o/ spin-model
research

(2) ,b_alytical spin studies
(3) Techniques involved in obtaining measure-

ments of various parameters in the spin

(_) Effect;veness oJ: coT_trols during spins and
recoveries

(5) Influence of long noses, stralces, and ca-
nards on spin and recocery characteristics

(6) Correlation of spin and recovery character-

istlcs for recent airplane and model designs.

.Al_alyses are made of the existing problems and

general conclusions are drawn.

INTRODUCTION

The spin of an airplane and the recovery there-

from, like any other nlotion, depend oil the forces

and moments acting on the airplane. A developed

spin, in general, has been considered a motion in

which an airplane in flight at some angle of attack
between the stall and 90 ° descends rapidly toward

%he earth while rotating about, and with the

wings nearly perpendicular to, a vertical or near-

.vertical axis. Recently, however, high-speed

fighters and research airplanes have apparently

exhibited spinning motions at high speeds in which
the center of gravity of the airplane has followed

a ballistic path.

At one time the developed spin was considered

important as a tactical maneuver. At the

present, however, the spin is considered significant
primarily because it is a motion that can be

entered inadvertently and because fighter and

trainer airplanes are required to demonstrate that

the developed spin can be terminated satisfac-

torily. Controls which are effective in normal

flight may be inadequate for recovery from the

spin unless sufficient consideration has been given
to this problem in the design stage. In the past a

criterion, based on research with many designs,

was established for predicting spin recovery (ref.

1) and for determining the adequacy or inade-

quacy of controls while the airplane was still in

the design stage. However, with the advent of
iet- and rocket-propelled airplanes and the

accompanying changes in weight and mass dis-

tribution, it soon became apparent that this

criterion couhI, in many instances, be inadequate.

Current airplanes have weights which are appre-
ciably larger and have moments of inertia about

the I _ and Z-axes which may be 10 times as large

as those of World War II airplanes. It cannot be

expected, therefore, t]lat a spin of a current air-

plane, with its accompanying high angular nm-

mcntum, can be terminated as effectively as a

spin of the earlier airplanes by aerodynamic con-

trols which generally are of similar size. Also,

because of short-span thin wings, the moment of

inertia about the X-axis of a current airplane is

generally relatively low and this can greatly

influence the optimum control for spin recovery.

Obtaining developed spins today is generally

1 Supersedes recently declassified NACA Iiesearch Memorandum 1,57F12 by An_ha] I. :Neihouse, Walter Y. Klinar, and Stanley II. Scher, 1957.

l
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dilIicult but, when obtained, the same faclors that

nmke it difficult to ob{ain tl,e spin may also make

it difficult to recover fi'om the spin. Thus, it.

may bc necessary in lhe future to resort to

auxiliary means such as extension of canards or
strakes, <lifferential elevator deflection, or de-

flection of the engine jet [o stop the spin.

Current _mt fulure airplane designs may l)e

compromised too much for t.heir intended uses in

providing adequale control for termination of the

developed spin; also, lhere is a rising problem of
pilot disorientation associated with developed

spins. As a resull, the incipient spin (the (.ran-

sient motion between the stMl and tim developed

spin) must be given more attention than it, has

been in tim past, and preventing the developed

spin by proper eonlrol utilization while tim air-

plane is still in the ineiI)ient phase of the spinning
me!ion may become a primary factor.

The pre._ent report discusses some of the follow-

ing major problem areas which arm currently being
considered in spin research: interpretation of

results of spin-model research, analytical spin

studies, techniques involved in obtaining meas-

urements of various parameters in the spin,

effectiveness of controls during spins and re-
coveries, influence of long noses, strakes, and
canards on spin and recove W characteristics, and

eorrehttion of spin and recovery characteristics

for recent airphme and model designs.

SYMBOLS

The body system of axes is used. This system

of axes, related angles, and positive directions of

corresponding forces and momcnts are illustxatcd

in figure 1. The definitions of the symbols used
throughout the report are as follows:

Fx
Cx longitudinal-forcc cocfftcient, 1 2

_vVR S

F,.
Cr side-force coefficient, 1

_pV,, s

F_
Cz normaI-force coefficient, 1 2

_oV_ S

F.

CD drag coefficient, 1 V 2_

Mx

Ci rolling-moment coefficient, 2_PVR2Sb

-0 E

(o1 f relotivewind

Projection of Y

relo'ive wind_'N N /

Zero ozimuth

reference heodinq

_zontol

(c) Z

(a) ¢_: and _E=O.

(b) 0u and ¢_=0.

(c) 0R "rod _E=0, a,ld in this case ¢_¢E.

FIe, UItE 1.--Body system of axes, related angles, and posi-

tive directions of corresponding forces and moments.

aL.
C,_ pit ching-nmment coefficient, 1 . 2

_01R $7

C,_.b pitching-monlent eoeffwient (subscript _r_,._
b denotes that pit('hing moment was

nondimensiona]ized t)y b rather than

3L-

by -d), loI. _S b

C. yawing-moment coefficient,

1 ,2 b

F,-

% section side-force coefftcient, loi,_S_-

T thrust, 11)

Fx longitudinal force acting along X body
axis, lb

Fr side force acting along Y body a.-vis, lb

Fz normal force acting along Z body

axis, lt)

FD drag, lb
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Alx

Air

W

• FX ,roc

Y ,roc

Z ,rOC

S

&

x,Y,z

b

1

P

V

"U, ?', _117

p, q, r

¢Oeng

Iz

Ttl

"d

x /-c

"Z/'C

X, y, Z

" Ix, Ir, Iz

rolling moment acting at)out X body kx, kr, kz

axis, ft-lb

lfitching moment acting about, Y body Ix,_.g

axis, ft-lb

yawing moment acting about Z body /xz
axis, ft-lb

weight, lb

rocket force parallel to X body axis, lb

rocket force parallel to Y body axis, lb
rocket force paralM to Z body axis, lb /x--It

wing surface area,, sq fb mb _

projected area based on chord parallel It--Iz
to flow at angle of sideslip of 0 °, mb 2

sq ft Iz-- Ix

longitudinal, later'd, and vertical body mb 2

axes of airplane, respectively g

wing span, ft
reference body dimension (see figs. 16 OE

and 17)

air density, slugs/eu ft
vertical component of _:elocity of air-

plane center of gravity (rate of

dcsecnt), fps CE

resultant linear velocity, fps

components of velocity I_ along X, Y,

and Z body axes, respectively, fps

resultant angular velocity, rps

components of angular velocity _2about
X, Y, and Z body axes, respectivdy,

ra.dians/sec

engine rotational rate, radians/sec ¢
m

airplane relative-density coefficient, pSb

mass of airplane, Weight, slugs
g

mean aerodynamic chord, ft

ratio of distance of center of gravity ¢r

rearward of leading edge of mean

aerodynamic chm'd to mean a.ero-
dynamic chord a

ratio of distance between center of

gravity and X body axis to mean
aerodynamic chord (positive when

center of gravity is below X body
axis)

linear distances along three body axes
measured from center of gravity,

positive in sense indicated in figure

1, ft

moments of inertia about X, Y, and Z

body axes, respectively, slug-ft _

radii of gTration about X, Y, and Z
body axes, respectively, ft

polar moment of inertia, of en_ne,

slug-ft 2

product of inertia about X and Zbody

axes, positive when a point on the
X principal a_s has positive com-

ponents ahmg both the X and Z

body axes, slug-ft 2

inertia yawin g-momen t parameter

inertia rolling-moment parameter

inertia pitelfing-moment parameter

acceleration due to gravity, taken as

32.17 ft/sec _

total angular movement of X body
axis from horizontal plane measured

in vertical plane, positive when air-

plane nose is above horizontal plane,

deg or radians
total angular movement of Y body

axis from horizontal plane measured

in YZ body plane, positive when
clockwise as viewed from rear of air-

plane (if X body axis is vertical, ¢B
is measured from a refm'ence posi-

tion in horizontal plane), deg or
radians

angle between 1" body axis and hori-
zontal measured in vertical plane,

positive for erect spins when right

wing downward and for inverted

spins when left wing downward,

deg or radians
angle of tilt of roll vane about X body

axis, positive when vane deflection is

to left, (leg or radians

angle of attack, angle t)etwecn relative
wind VR projected into the XZ-plane

of symmetry and the X body axis,

positive when relative wind comes

front below XY body plane, deg

angle of sideslip, angle between relative

wind V_ and projection of relative
wind on XZ-plane, positive when

relative wind comes from right of

plane of symmetry, dog
angle of inclination of a yaw vane with

respect to X body axis, positive

when vane is inclined to left, deg

x
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F
5C,

Ctp _--- (pb 
b \2VR]

C._= bC.
(vb 

b \2 l',J

be,
C'lr--

C,,.-- _C.

C,,,a_ bc,,,
&7

5Cr
C_.p

O 22 V_]

OCt
CY r

bCv
Cr_ =--

OC_
C_a -- --

bC,
C, h

_G

C_ _ac.b_
5C_.

ACI, _

horizontM component of total angular
deflection of X body axis from

reference position in horizontal plane,

positive when clockwise as viewed

from vertically above ah'plane,
radians

applied force, lb

A(_I, a

rollh_g-moment coefficient due to a
rudder deflection

rolling-moment coefficient duc to an
aileron deflection

yawing-moment coefficient due to an
aileron deflection

ZC.., yawing-moment coefficient due to a
rudder deflection

AC=., pitclfing-momcnt coefficient due to an
elevator deflection

ACr._ side-force coefficient due to a rudder
deflection

ACr._ side-force coefficient due to an aileron
deflectidn

aCz., normal-force coefficient due to an
elevator deflection

kUx., longitudinal-force coefficient due to an
elevator deflection

ax resultant acceleration along X-axis,

positive when directed ahmg positive

X-a,_s, ft/sec 2

ar resultant acceleration along l:a.xis,

positive when directed along positive

Y-axis, ft/scc 2

az resultant acceleration along Z-axis,

positive when directed along positive

Z-axis, ft/sec 2

t time, sec

R Re)molds number based on
51 Math number

la=--sin O_

ma=sin ¢E cos OE

na=cos ¢_ cos OE

A=ax-- gt, +rvt--qwt

B= --ar + (h-- _; t + rut

C=--az+ _bt--qut+pv_

Subscripts :
i indicated

t true

T tilt

X X body axis

Y Y body axis

Z Z body axis
a aileron

e elevator

eng engine
E Eulcr

r rudder

acre aerodynamic moment
roc rocket

h horizontal tail
v vertical tail

N coefficient based on plan area of nose

A dot over a symbol represents differentiation
du

with respect to time ; for example, qi=j/.
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I. TECHNIQUES FOR STUDYING THE SPIN AND RECOVERY

A. INTERPRETATION OF RESULTS OF SPIN-

MODEL RESEARCH

TECHNIQUES FOR STUDY OF DEVELOPED SPIN

Experience has indicated that spins of airplanes

and recovery therefi'om can be readily investi-

gated safely and at a comparatively moderate cost

by means of small dynamic models in a spin tunnel.

A dynamic model is one in which geometric
similarity between model and airplane is extended

to obtain geometric similarity of the paths of

motion of corresponding points by maintaining

constant, in addilion to the scale ratio of linear

dimensions, the ratios: force, mass, and time.

(See refs. 2 and 3.)

A spin tunnel is a vertical tunnel, generally with
a propellcr at the top drawing air vertically up-

ward so t t,at the force of the up-going air balances

the weight of the model. Such a tunnel should
provide for rapid deceleration and rapid accelera-
tion of the air. Provision should be made for

maintaining the model near the center of the

tunnel and at a desired height.

Langley 20-foot free-spinning tunnel.--Origi-
nally, the Langley Research Center had a 15-foot-

diameter spin tunnel. (See ref. 4.) This was re-

placed in 1941 by a 20-foot-diameter free-spinning

tunnel with a maxinmm speed of approximately

90 feet per second. Views of the Langley tmmel

are shown in figures 2 and 3, and a description of
the tunnel i,_ given in table I. In tiffs tunnel,

models arc launched with spinning rotation into

the a.irstream by hand. For recovery, the tumwl

operator sets up a magmetie field in the t.mmel

where the model is spinning by allowing a current

to pass through copper coils l)laced around the
periphery of the tunnel. A magmct in the model

moves to alhm with the mag'netic field and, in so

doing, trips a catch whieh allows controls to move,

a parachute to open, a rocket to fire, or all item to

"be jettisoned. Photographs are taken of the

spinning motion by a side camera or by s_l-
• chronized cameras on lhe side and at the bottom

of the tunnel. (See ref. 5.) As the side camera

photographs the motion, it also l)hotographs

readings of a tinting device and of a pitot-static

tube; thus, records of time and velocity are

registered on fihn. A six-component rotary

balance (table II) is available in the tunnel to

obtain force and moment data at spinning atti-
tudes and to provide aerod3mamic data for

analytical studies. (See ref. 6.)

Spin tunnel as analog computer.--The com-
bination of a spin tunnel and a d3mamie model

gives what might be termed an analog computer.

At the scale tested, the aerodynamic and inertia

characteristics of the desi_l are integrated and the

"computer" solves the moment and force equa-

/;ions to provide the ensuing spinning and re-

covery motion for the model.
Interpretation of spin-tunnel results.--Bc-

cause of the many variables in a spin, interpreta-

tion of spin-tunnel results for application to a

corresponding airpbme is dilIieult. Lack of quan-

tit alive data on the many possible variables has

i

4 •

i lil_il iiii

I

___ .... . :; = L286258

FIGURE 2.--Exterior and cross-sectional views of Langley

20-foot free-spinning tunnel.
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FIGUI_E 3.--Interior view of tunnel.

necessitated the isolation of only lhe primary

factors considered important in eff(,cting the spin

and recovery. Continuous use has been made of

spin-t unnel experience with previous designs t(,st ed

and of comparisons, whenever awdlable, of model

and airplane results. Thus, evaluating the spin

and recovery characteristics of a proposed airl)lane

design has not only involved lhe science of ac-

curately determining test results on the cor-
responding model but also the art of evaluating the

meaning of these results in light of previous model

resulls and corresponding full-scale results. Lang-

ley spin-tunnel results are not, in lt,rpreted rigidly

for a specific control setting, mass, or dimensional

confignration but rather are interpreted in terms

of the range of results obtained for the combination
of mass characteristics, dimensional characteris-

tics, and control settings under investigation by
determining the extent to which slight variations
in these faciors can alter the results.

Criterion for satisfactory recovery.--A criterion

has been developed for determining whether a pilot
would have adequate control in a spin to enable

him to recover satisfqctorily. It was assumed

that, for most spins, the pilot would probably have

the airplane cent rols set approxinmtely at "normal

spinning control configuration"---that is, stick full

ba.ck and laterally neutral and rudder full with the

spin. In order not to compromise the airplane too
much for its inlemted uses, it was felt that, if

satisfactory recovery could always be obtained

from this control configuration, the airplane design

would bc considered as having satisfactory re-

cover:)" characteristics. IIowever, in order to

evaluate the recovery characteristics at normal

spinning control configuration, a so-called criterion

spin is selected for which ailerons are set, one-third
of their full deflection from neutral in an adverse

direction for recovery, the stick position is allowed

to vary one-third from its full-up setting, and when

the rudder is reversed for recovery, it is mow'd

to only two-thirds of its full-against setting;

similarly, when ailerons or elevators are used for

recovery, they, too, are deflected to only two-thirds
of their full position for recovery. The effect

of mod(,rate ('lmnges in weight, center of gravity,
and moments of inertia is also considered. A

criterion for satisfactory recovery for model tests
was selected as o_/•._ un'ns or tess based on analysesof

available comparisons with full-scale results.

These analyses, in general, indicated that, when

recovery in the spin tunnel required more than this

number of lurns, the controls were not sufficiently

effective and the corresponding airplane probably
would have unsatisfactory recovery characteris-

tics; this result might, in some instances, be an
indication that the controls are so ineffective as not

to produce a recovery at all. Also, a relatively

large number of turns may contribute to a.n un-

satisfactory silualion because of a resulting large

loss in altitude and possible pilot confusion and

panic. This rule is not a hard and fast one and

judgment may be influenced by the nature of the
model results.

Thus, it can be seen that a fixed correction in

moments or forces to allow for Reynolds number

by modification to the model is not utilized. It

is felt that, in some instances, corrections would
be unnecessary, that secondary effects of the

corrections applied might possibly be more

significant than the corrections themselves and
thus lead to erroneous results, and, furthermore,

that, even if a scale-effect correction were accu-

rately applied for the developed spin, it might

be inadequate and even inaccurate for the re-

covery phase. The technique setup is an attempt .

to measure the ability of a control to do something

positive and consistent in spite of such factors as

scale, production tolerances on the airphme, and "
ahnost unavoidat)le pilot, inconsistencies in control

settings. Probably because it is a stalled-flow

phenomena, spin-research experience has indi-

cated that changes can often be made in aero-

dynamic and mass characteristics of a design with

little or no effect on the spin or recovery up to a

certain point, and then even a slight additional
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change may "trigger" an effect leading to a large

difference in results. Thus, it is felt that even the

slight dimensional changes of a model due to the

wear and tear of testing is a "safety valve" which

tends to expose the possible e_stence of a critical
condition. Therefore, instead of attempting to

pinpoint a specific result for a specific set of mass
_md dimensional characteristics, an at tenlpt has

been made, as previously mentioned, to evaluate

the range of results possible. In this connection,

one poor recovery out of several recovery attempts
has been considered ahnost as undesirat_le as

consistently poor recoveries. The philosophy has

been to assume that a proposed design is inade-

quate for spin recovery unless it can be proved

to be satisfactory. As a result, it might be expected
that in some isol'_ted instances eonserw_tive con-

clusions might be reached and that a design not

being conclusively satisfactory based on spin-
tunnel results may nevertheless exhibit satisfactory

recovery characteristics.

Because an emergency device is required on the

airplane during the spin-demonslration tests and,

also, because in some instances such a device

may be kept. permanently on the airplane, such
tests are included in the model-test program.

The nfininmm-size tail parachute required to

effect recovery within 2}{ turns from the criterion

spin is determined. The parachute is opened for

tile recovery attempts by actuating the remote-
control mechanism while the controls are held

fixed at positions which tend to maintain the

spin so that recovery is due to parachute action
alone. The parachute towline is generally at-

tached to the bottom rear of the fuselage. The

folded spin-recovery parachute is placed on the

model in such a position that it does not seriously
influence the established spin. A rubber band

holds the packed parachute to the model and,

when released, alh>ws the parachute to be blown

free of the model. On full-scale parachute installa-

tions it is desirable to mount the parachute pack

within the airplane structure, if possible, and it is

recommended that a mechanism be employed

for positive ejection of the parachute. Whether

parachutes or rockets (another type of emergency

spin-recovery device) are used, provision is

generally made on the model to compensate for

the mass changes associated with installation of

the emergency device.
538922--60---2

Scale effect.--Models currently tested in the

Langley 20-foot free-spinning tunnel generally

range in scale from ._40_/to ,20,_zand the corre-

sponding Re3molds numbers of the tests (based on

wing chord) range from approximately 50,000
to 200,000. Scale may appreciably affect model

results in two predonlinant ways. There is a

possible effect, of Re._mlds number of the fuselage,

particularly if the fuselage nose is long and the

projected area of the fuselage is large relative to

the wing area. The cross drag on the fuselage of
the model as well as a probable side force on the

fuselage may be appreciably different from those

on the corresponding airplane. This could have

an important bearing on the balance of pitching

moments in the spin which, in turn, could affect

the balance of yawing moments through varia-

tions in angular velocities. It. could also affect
the balance of yawing moments directly by a

variation in what might be called an autovotative
moment due to tile side force on the fuselage nose.

(This effect is discussed in part IIB.) Also, there

is a possible Reynolds number effect on the wings

if the spin is sleep enough and the spin rotation

high enough that the outer wing of the model in

the spin is near enough to the stall angle to be
influenced in such a manner as to give less lift,

than that on the corresponding airplane. This
effect could lead to a variation in the balance of

rolling moments and an accompanying difference

in wing tilt in the spin. The magnitude of this
effect wouhl be dependent on wing section, the

magnitude being greater as wing thickness and
camber are increased (refs. 7 to 12). The differ-

enee in wing tilt could, in turn, lead to a difference

in the gyroscopic yawing momenls (/x--[r)Pq in

the spin. In some instances, the Reynolds num-

ber effects may tend to mfllify one another for

example, an increased incremental positive pitch-

ing moment on the model may tend to cause the
inner wing to be depressed, whereas a decreased

lift on tile outer wing may tend to cause the outer

wing to be depressed. In specific cases, however,

the possible individual effects would have t.o be
considered. In the past, based on rather meager

information, there has been a general indication,

at least, for airplanes up until a few years ago,

that the model spun with more outward sideslip

than did tile airplane. (See refs. 13 and 14.)

This could possibly lead to optimistic tunnel

results for designs having their mass distributed
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chiefly along the wings but to pessimistic lunnel
results when the mass is distributed ehiefly along

the fuselage. (See part IIA.) This factor is

Wen cog'nizance in predicting full-scale results
fl'om tunnel tests.

Tunnel technirque. A factor which may also
lead to differences in model and airplane results

may be classified as tunnel technique. The models
are launched in a flat attitude wifl_ high rotation

into the spin tunnel in order to be assured of

obtaining any flat spin that may be possible.

Because of lhe high inertias of present-day de-

sig'ns, spinning lendeneies may be indicated on

the model which may not be readily obt.ainable, or

may not be obtainable al all, on the corresponding

airplane because the same high iner[ias augmenting
the spin in the tunnel will tend to make il more

difficult for the airplane to increase its rate of

rotation up to lhat required for the spinning

condition. This can possibly make model re-

sulls too conservative. IIowever, experience has

indicated that, even though airplane spin re-
coveries sometimes appear to be better than those

predieled by nan(tel results, oftentimes a spinning

condition with poor recovery may be eventually

obtained as a result of a violent maneuver, a

pi(ch-np, a directional divergence, or even an

inadverient asymmetric l'deral Inca.lion of the

center of gravily. In some ins(anees, because of

the initial high angle of attack at which a model
is launct,,d into the spin tunne|, an autoroIative

momen{ due lo ttle nose may prewdl on flw model

but may not occur on lhe airplane because it

never gets to a corresponding high angle of al tack.

There is a possibility, also, lhat a Reynolds num-

be,' effect may be present on the model at the

initial high angle of ailack q.t which it. spins in
the tunnel because of launching relation, which

may cause the autoroiaiive tendencies between

model and airplane to differ. This possibility is

considered in evalualing lunnel results. In addi-

tion, because spins of present-day airplanes are

often very oscillalory in nature, primarily in roll
and yaw, there is sometimes a tendency for the
oscillations to resolve themselves into a'no-

spinning condition without movement of controls.

lFn the spin tunnel, the oscillatory spins are oft.en

diffieulL to obtain, either because of the tendency

to resolve into a no-spinning condition or because

of space limitations. After many repeated at-
telnpts, however, the spin can generally be main-

tained and h,sted for ease or difficulty of recovery.

It is not too surprising, therefore, that some-

times a spin on an airplane corresponding to that

obtained on the model may not be easily obtain-

able. Eventually, however, possibly because of
some fairly insignificant change in lhe airplane,

which may have a critical effect on the spinning

tendency, a spin may be obtained on the airplane

and, unless proper consideration has been given -

this likelihood, the airphme may get into trouble

and may even be lost in a spin.

TECnYu_ueS FOR STraY OF INOPmNT Se_N

Because of the apparent inability of incorpo-

rating into the airplane provision for insuring

satisfactory recovery from the developed spin,

more attention has recently been given to the

incipient spin. The incipient, spin is considered

to be different fl'om that of the developed spin

in /hat the former is a transient ,notion extending
fl'oin some point after the stall to some point just

before the spin becomes developed (equilibrium).

When "rod why some designs enter the developed

spin quickly and lhe ease or difl3eulty of prevenling

the developed spin altogether are problems of
_'eat importance.

Several years ago, a (.atapult. was built for

incipient-spin studies (ref. 15) utilizing spin-
tunnel models. Although results from this fqeility

have been useful, the technique is inadequate

because of space limitations. Currently, a tech-

nique is being developed for studying the incipient

spin by means of launehing radio-controlled

models h'om a helicopter. These models range
from }_0 to _/scale in size. ]f current and future

designs are compromised too nmeh in providing
adequate eonlrol fi)r termination of the developed

spin, it becomes increasingly important to pre-

vent the development of the spin. Recoveries

attempted during the incipient phase of the spin

may be more readily attainable than those

attempted after the spin 1)ecomes fully developed
because controls which are ineffective in the -

developed spin, owing to attitudes, rotation, and

gyroscopic effects, may be effective for termini- -
tion of the incipient spin.

B. ANALYTICAL SPIN STUDIES

During recent years, analytical investigations

have been initiated in which spin-entry, developed-

spin, and spin-recovery motions of airplanes are
studied by calculating time histories of the

!1
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attitude, velocity, and acceleration variables of

the motions through the use of static and rotary

aerodynamic data. and six-de_'ee-of-freedom equa-
tions of motion. It is expected that these investi-

gations will augment the knowledge gained from

customary free-spinning dynamic-model tests and

full-scale-airplane spin tests and will aid in ob-

taining a better understanding of these often

inadvertent and sometin_es dangerous flight mo-
tions. In references 16 and 17, calculation
methods were described and the results of some

initial step-by-step calculations were presented.

More recently, calculations have been made on an

electronic analog computer of the recovery

characteristics from a steady developed spin of an

unswept-wing fighter-airplane configuration as

affected by the application of various amounts of

constant applied yawing moments, rolling nm-

ments, or thrust force. Calculation methods and

rotary-balance aerodynamic data used in obtaining
the analog-computer results are presented and

discussed. The results are presented as time

histories of some of the attitude and velocity
variables of the motions. Statements are made

regarding tire nature of the motions which ensued

after the moments or the thrust force were applied

and regarding the relative effectiveness of these

applied disturbances in causing recovery from the
steady developed spin• Equations and methods

used in calculations for incipient-spin studies arc

also presented.

METHODS AND CALCIJI, ATIONS

Equations of motion,--The spin-recovery mo-

tions were calculated by an electronic analog
computer which solved the following basic equa-

tions of motion. These equations represent six

degrees of freedom along and ahout the airplane

body system of axes (see fig. 1 for illustration of

body axes), which are assumed to be the principal
axes:

• _Y2 i

u=,)_b Cx + gls _- vr--wff_ (1)

• V'_ C ' 'w
v=,5_g b r_-gm_w '_p--ur

. _ Y2

• V 2 Cz+/_--/_P=2-_x 2 qr

(2)

(3)

(4)

V¢llore

T,72 [ -- _'-

• V 2 U,,+_pqr=2#k-_2

13=-- sin Os 1

(5)

(6)

(7)

In solving these equations, the computer made

use of the relationshit)s

an (t

=tan-' - (8)

p

_=T_ (9)

inasmuch as fire rotary-balance data (discussed

subsequently) for each aerodynamic coefficient

had been plotted as functions of the variables a and
/3. Also used were the relationships derived in

reference 16 bu_ with different symbols:

i3= m_r--n_q

rbs =n_p-- 13r

ria= 13q-- m3p

It was more feasible to solve these differential

equations on the computer than to solve directly
for the attitude angles 0s and 4)E in terms of their

trigonometric functions as written in equations

(7).
It should be pointed out that equation (9) is an

approximate formula, the complete one for side-
slip at the airplane center of gravity being

• _3

sm-_ V
R

However, it was necessary to assume tha, t the

velocity Vwas constant in the equations of motion
and to assume that the sideslip angle _ was equal

to sin fl in order that the available electronic-

analog-computer equipment could bc adapted for

making the calculations.
For the calculations in which a disturbance roll-

ing or yawing moment was applied to the spinning

airplane, an incremental value of C_ or C., respec-
tively, was added to the aerodynamic value ob-

tained from the rotary-balance data and used in
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the corresponding equation of motion. This pro-

cedure corresponds to inserting a term such as

Fr/Tx or Fr/lz into equation (4) or (6), respec-

tively. For the calculations in which an applied

thrust force was simulated, the term F/m was

added to equation (1).
Rotary-balance aerodynamic data.--The basic

aerodynamic data used are presented ill figure 4.

It consists of data obtained oil the rotaw balance

in the Langley 20-foot free-spinning tunnel on a

model of the unswept-wing fighter-airplane con-

figuration shown in figure 5, with some fairing

having been made to the data and some inter-

polative techniques being necessary in order to
adapt it for use on the analog computer. As

noted in references 6, 16, and 17, some difficulties

were encountered in originally obtaining these

data and they are considered to include some
inherent, inaccuracies. Furthermore, the limited

computer equipment, available did not allow

setting in the proper variations of aerodynamic
data to account for variations in tile rate of rota-

tion of the model during the recovery motion;

therefore, the only data used were those obtained

while the model was rotating at the rate of the

initial, steady, developed spin. Because of the
shortcomings of the aerodynamic data, of the fair-

ings, and of the inlerpolative procedure used, the

data as presented in fig_lre 4 are considered to be

representative only of the general nature of forces

and moments acting on the model. As previously

mentioned, a complete description of the rotary
balance is contained in reference 6.

Preliminary analysis.--The airplane was con-

sidered to be initially in an erect, developed,

steady spin (as opposed to either an inverted spin,
an erect incipient spin motion, or an oscillatory

spin) with the characteristics listed in table III.

Mass characteristics of the airplane and control

settings for the spin are also listed in table III.

The spin characteristics listed in the table were

average wdues as obtained from free-spinning tests

of a 1/20-scale dynamic model of the airplane

being considered.
Modification of the aerodynamic data was nec-

essary (in addition to the fairing previously men-

tioned) so that the electronic computer would
indicate the presence of the initial, developed,

steady spin before a disturbance _ras applied.

It was found that this could be done by adding

factors to each of tile six aerodynamic coefficients

in the equations of motion that were sufficient to

cause tile computer to indicate constant values of
the variables of the motion when instructed to

solve the equations of motion without any dis-

turbance applied to the developed spin.

.O2 I

_:04 l

-.06

-.08

-'lOi_ --A2

O
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The present investigation is believed to be of
value as an indication of trends when various

moments or forees are applied for spin reeovcry.

EFFECTS OF APPLYING DISTURBANCES

Time histories of the computer runs showing

the motions resulting after negative ya_qng mo-

ments, positive rolling moments, and positive

thrust forces were applied are shown, respectively,

in figures 6, 7, and 8. Presented are time his-

tories of (_, #, la, raa, ?, q, and r. The specific
values of moments or thrust applied are listed in

these figures and, in addition, they are listed in

" table IV along with identifying run numbers and

a brief remark concerning the general nature of
the result obtained. Some runs were also made

in which positive yawing moments (prospin) or

negative rolling moments (outt)oard wing down)

were applied and, although the results of these

are not presented in figures or in tabular form,

they are discussed herein.

The significance of various motions obtained

when the disturbances were applied in the devel-

oped spin is considered in terms of whether recov-
ery from the spin was achieved. In brief, an

airplane is considered to have reeovered from the

spin when the angle of attack at the center of

gravity is below the stM1. Usually, as this is

achieved, the airphme enters a steep pullout dive

without rotation; in some eases, however, it may

be turning or rolling in a spiral glide or an aileron
roll. Also, sometimes, the airplane may roll or

pitch to an inverted attitude from the erect spin

and may still have some rotation but is out of

the original erect spin.

The computer runs were ended whenever a
became zero or when some other vari.tble exceeded

a limiting value beyond which it could no longer

be handled by the particular electronic-computer
setup used. For example, whenever /3 reached

=t=48°, the calculation run ended.
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As may be seen from figure 6, the application

of negative yawing-moment increments was f_vor-

able in that they caused recoveries and in that

the time required for recovery decreased propor-

tionately as the negative yawing moment applied
was increased within the range of moments applied

during the investigation. Conversely, applying
positive increments of yawing moment had adverse

effects in that they ag_avated rather than

relieved the spinning motion.

A])plying positive rolling-moment, increments

was also favorable to reeovery (fig. 7) but a

little less so than applying negative yawing=
moment increments because recovery took some-

what longer to occur for a given increment of
moment applied. Apl)lying negative increments

in rolling moment, in general, had adverse effects

in that rate of yawing and angle of attack
increased.

Generally, the effects of the aptflied yawing

and rolling moments as regards being favorable

or unfavorable to recovery for a design with this

tyt)e of loading (mass distributed primarily along
the fuselage) are in agreement with free-spinning-

tunnel results and analyses made over the years.

(See part IrA of this paper and refs. 18 and 19.)

Simulating the application of thrust forces up

to three-quarters of the weight of the airplane
indicated the relative ineffectiveness of this pro-

cedure for spin recovery for the sut)ject configu-
ration. This is emphasized by comparing the

Aileron hinge
80% chord.

_or hinge

15.78" I

4_P

_5.70"

, 60.42" -- 4I

_, --- 50.o0" -- _ t

Rudder hinge /7_
65% chord ./ I; \,

_-.1_ \ilo.9o"

FmvnE 5.--Ilotary-bahmee mod('I. S= 612 square ineh(,s;

-= 11.52 inches.

results in figure 8 (thrust application) with those in figure 6 (application of negative yawing mo-
ments), and this result is consistent with the analysis of part IIA of this paper.

INCIPIENT SPIN STUDIES

Because the need is great for knowledge of the effects of design factors and of various control-

manipulation techniques in maintaining or in regaining controlled flight and preventing the occurrence

of fully developed spins, calculations are being made to study spin-entry motions on an automatic

digital computer. Work being done includes the obtaining of aerodynamic stability-derivative data,

both static and rotary, which are as complete and suitable as possible in order to make the studies as

realistic as possible. The equations of motion being used for spin-entry studies are as follows:

pI'RXb 2
7 2 pVRSb2 C,_ sin _¢}4 Clr1j=Ir--fZIx gr4- Ixzz i'-F [_v;? ]4 °I'n_Sb-2Ix C,,/3-t-@ Cz_p4---4ix 4Ix

pVRSb 2 p t'a_ Sb .,,-, _ oVR2 Sb Fz.,o_y
4Ix C_cos_fl4 2Ix a'_"'l- 2i_x ,XCz,,4 L,:

i

O_&_ Z,. p,.+_ r__h-z p__LY.,,_,,, r+----- I_. I_, I_.
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FIe, FeE 7.--Tune histories following application of positive rolling moment (moment applied lo ste'l(ty spin at time zero),

C. TECHNIQUES INVOLVED IN OBTAINING

5IEASUREMENTS OF VARIOUS

PARAMETERS IN THE SPIN

MEASUREMENTS DESIRED

In order to evaluate properly the spin and spin-
recovery characteristics of airplanes and to enable

comparison of model and full-scale results, meas-
urements of most of the items that are measured

in normaJ-flight testing should suffice. The tech-

nique involved in obtaining these items may be

somewhat different, however, because of the high
angles of attack encountered at spin attitudes.

Similar techniques would be involved for any

maneuver at high angles of attack such as an in-

cipient spin or a gyration beyond the stall. Time-

history measurements should be made to yieht the

following information during the spin and recovery
(in order of importance):

(1) Number of turns in the spin and turns for

recovery; position of all-movable con-

trols including landing flaps, leading-

edge flaps, dive or speed brakes, and
sl_t,s

(2) :_.ngle of attack and angle of sideslip at

the center of gravity of the airplane

(3) Resultant velocity

(4) Angular rates about the three body axes

(5) Altitude record

(6) Earth-reference attitude angles of the
airplane

(7) Linear accelerations

(8) Angular accelerations
In addition t.o the aforementioned measure-

ments, it is important to have a proper evaluation

of the condition of the airplane at the time that

spins are started us regards weight, center-of-

gravity location, and moments o_ inerlia of lhe

airplan(,. Power eondilions during the spin shmfld

also be noted. The pilot's eommenls concerning
tim spins and recoveries therefrom shouht t)e ob-

tained as a supplement to all l]w recorded infor-

nmtion. Fihn records of each flight should be

made from a grmmd st_tion and a eh,qse airl)hme ,

and fihn records from a gun camera in the airplane

undergoing tests may also prove to be v,dual)le.

METHOI)S FOR OBTAINING DATA

Some suggested ways of instrumenting the air-

plane to obtain the items desired are pointed out

in the following sections. A discussion of various
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types of measuring instruments is given in refer-
ence 20.

Control positions, altitude, and rotational rates.-

The control positions, altitude, and rotational

rates may be determined t)y instruments such as

those discussed in reference 20. The angular rate
gyros used for measuring rates about body axes

should, of course, be alined with the X, :I_ and Z

body axes to give p, q, and r, respectiw,ly; and

the resultant spin rott_tional rate about the spin
axis £ is the vectorial slmmlation of these rates.

The number of turns in a spin may be obtained

from an integration of the time history of the

resttlta.nt rotational rate £ about the spin axis.

Angle of attack, angle of sideslip, and resultant

velocity.--Dcterminalion of the true angle of

attack and angle of sideslip at the center of gravity

of an airphme is a more involw,d process in spins

than it, is in the normal-flight range because the

linearizations and approxinlat ions made in die cor-

rect.ion of vane readings for flight testing at. low

angles of attack do not apply in the spin. As re-

gards resultant velocity, the pilot-tube type of

pickup alined with the fuselage axis used for the

normal-flight attitudes no longer _vcs valid read-

ings when spin attitudes are approached. In addi-

tion, the yaw vane ordinarily used to obtain side-

slip angles at low angles of attack does not give the
sideslip angle at }ligh angles of atla.ek. Methods

for obtaining true angle of attack cq, true sideslip

angle 3,, and true restlltant velocity I'H., are sug-
gested herein. Before explaining these techniques,
however, it would be well to examine the basic

reasoning involved in the measurement of nero-

dynamic angles. (In the discussion that follows,
unless otherwise indicated, it is assumed tliat the

velocity and flow-direction pickups are removed

from the influence of the airplane and that me-

chanical inaccuracies that niay be introduced, such

as boom bending, are negligible.)

The resultant velocity l_ may be broken up into

three component velocities u, v, and w along the

X, Y, and Z body axes, respectively, as shown in
figure 9. The angle of attack a is defined as the

angle between the projection of die resullant ve-

locity on the XZ-plane and the fuselage .\'body
axis or

oz_ tan-i _/J
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w w _ Yaw vone" ¢

wt - q,,r+py let -qx

Wing-lip boom Nose boom

Fmul_ 9. Drt('rmination of c_ and ft. Tile angles a, ¢,

and _r are in the XZ, X}', and ZI" body planes, respec-

I ix' ely.

Angle of sideslip is defined as the angle between
the relative wind (or resuItant velocity) l_ and

the projection of the resultant velocity on the

XZ-plane or

Thus, the angle of attack and angle of sideslip a.t
the position of a flow-direction vane can be deter-

mined by making use of a swiveling-type cruciform

vane that has two degrees of rotation: one about

an a_s paralM to the airplane pitch axis and one

about an axis that remains perpendicular to the

plane of the vane.
An alternate technique consists of using three

vanes, each having one degree of rotation: 3_ pitch
vane with its axis parallel to the airphme pitch

axis that yields the angle of attack a; a yaw vane

pivoted about an axis parallel to the body Z-axis

that yields the angle ¢; and a roll vane pivoted

about an axis parallel to the airplane X-axis that

yields the angle 4'r. (See fig. 9.) Three-vane nose-
boom and wing-tip boom installations of this type

are sho_m in figure 10. The angle-of-attack vane,

thus, Nves an indiea, ted angle of at, tt_ek which may
be corrected to obtain the t rue angle of att'tek, and

the indications of the roll and yaw vanes can be

used to obtain an indicated sideslip angle from the

following relationship:

¢_,=sin -_
_ll +eot.2dpr._+eot2¢_

FmrR_ 10.--Three-vane nose-boom and wing-tip boom
installations.

From this relationship, the sign of the sideslip

angle must be determined from the sig'n of ¢,_ or

4'r.,. (If ¢,_ and 4r._ vary between 0 ° and 180 °, the

sign of _, is positive; whereas, if _k, and 6r,, vary

between 0 ° and --180 °, the sign of fit is negative.)

The sideslip mlgle can also be computed from the

following relationstfips:

/_=tan-t(tan _bi cos a_)

and

fli= tan-l(tan er._ sin c_i)

but these relationships become indetenninant at

indicated angles of attack of -90 ° and 0% respec-

tively.

When these indicated angles are corrected to

the center of gravity, the influence of the rota-

tional rates must obviously be considered and

the resultan! w,locity in the vicinity of the re-

cording vanes must be known. The resultant

velocity shouh| be obtained from a pickup that
swivels so that it will aline with the relative wind.

The velocity recorded in utilizing such a tech-

nique will be an indicated resultant velocity at
the point of measurement VR,,; and if c_¢, j3i, and

_. ¢ are known, the true angles and true resultant

velocity may be computed from the following

relationships if the vanes and velocity tube are

mounted on the nose boom (fig. 10):

at=tan -1 tan a_-} I_.i cos fll cos oil
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T 2VR,,=[I _,_ cos2a_ cos"5_+(V_,_ cos _ sin a_+W)"

Vq-( R._ sin _B,--ra')2] ½

(v,., sinVR., /

where the vertical and lateral distances of the in-

dicating vanes from the center of gravity are

assumed to be small and velocity components due

to p can be neglected. As is indicated in the pre-

ceding equation and as can be seen in figures 9 and

10, the linear velocities at the center of gravity
are as follows when a nose-boom installation is

used:

u,= VR,, cos cq cos _

v,=l_., sin fl,--rx

7w,=l R., sin c_, cos 5,+qx

If ,t wing-tip installation is used (fiE. 10), the re-

duction of the indicated vane readings is somewhat
more involved tlmn it is for a nose-boom installa-

tion and, also, it. appears possible that for a wing-

tip installation shielding of the fuselage may give

erroneous readings at high angles of sideslip and
attack. In addition, for a nonoscillatory type of

spin in which q is usually small, the angle of attack
indicated from a nose-boom installation usually

need not be corrected to obtain the true angle, of

attack; this is not the case for a wing-tip installa-
tion. Base¢t on these factors, it would appear

more desirable to use a nose-boom installation

rather than a x_qng-tip boom installation for

flight spin tests.
An alternate technique for obtaining the true

angles of attack and sideslip and the true resultant
velocity that may be employed when a resultant-

velocity tube can not be installed on the airplane

depends upon the existence of a pitching rate or a

yawing rate. When this technique is used, two

pitch vanes and a roll (or yaw) vane must be used

or two yaw vanes and a pitch (or roll) vane must
be installed on a nose boom as indicated in figure

11. The velocity components for the technique

utilizing two pitch vanes and a roll vane are

q (x,- x_)
'at--tan v_a-- tan cq

r,=(tan 4_r,] tan cq)ut--rx]

wc=(tan m) ut+q_'l

.-Rollvane

-- Jr2 -

(a)

i *' 1
x_

(b/

(a) Two pitch vanes ,_n(t a roll vane.

(b) Two yaw vanes and a pitch vane.

FICI:RE l l.--Three-vane technique for measuring angles

of attqck and sideslip and resultant velocity.

and the velocity components for the technique

utilizing two yaw vanes and a. pitch vane are

r (x,- x_)
u'=tan ¢1--lan ¢2

_,,=(tan ¢',) ut--rxm

w,= (tan O_l)u,+qx_

Thus, if the component velocities of the true

resultant velocity are known, the true resultant

velocity can be determined and the true angles
of attack and sideslip can be computed. In these

equations the vertical and lateral distances of the
vanes from the center of gravity are assumed to

be small and, as a result, velocity components due

to these displacements can be neglected. It

should be pointed out that utilization of this

technique for spin flight testing is subject to certain
limitations. The two-pitch-vane insttdlation will

usually record only slight differences in angle of
attack for nonoseillalory (or steady-type) spins
when reasonable distances between the vanes

are used; thus, a two-pitch-vane installation may
not: be reliable for nonoseillatory types of spins.

The two-yaw-vane installation will probably
not be useful for airplanes having spinning
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attitudes approaching +90 ° because the angle

of sideslip and resultant velocity may not be
determinal)le.

Angular accelerations.--In order to delerminc

tlle angular accelerations p, _, and i', an electrical

differentiation of the angular rotational rates has
been used. :If an angular acceh, rometer is used for

determining these angular accelerations in spins,

however, a disk or cruciform type of sensing
element with the axis of the disk alined with the
axis about which the accelerations are desired is

preferable to a bar-type acceh'rometer. The

disk-type accelerometer gives a true indieation

of /), q, and _, whereas a bar-type aeeeleromeler
that is pivoted about its center records tile effects

of certain cross-couph, d an_flar velocities in

addition to )6, q, and i'. A t_.bulation of the total

measurements of bar-type angular aceeh,rometm_

(pivoted about their centers) about the three body

axes of a spinning airplane follows:

Earth-reference attitude angles.--In order to

measure earth-reference attitude angles of an

airplane, an all-'tttitude no-gimbal-lock gyroscopic

reference unit may be used. Another process,

which is very involved but which should give

re,tsonable indications of the earth-reference angles
if the instrument readings are accurate, involves

substitution of most of the qumHities "flready

discussed into Euh, r's force equations. These
equations are as follows:

g sin OE--ax-- ittq-.rv,--qw,=A

g cos Or. sin ¢E=--ar+b_--pw,+ru,=B

g cos OE COS4'E=--az+ic,--qu,+pv,=C

T}IllS_

Quantity
desired

Alinement of
1)ar

Along X-axis

Along Z-axis

Along ]'-axis

Ahmg Z-axis

Along X-axis

Ahmg ]'-axis

Total measurement

O -- pr (1 oo low)

c1-{ pr (it)()high)

_+qr (too high)

15-- qr ((oo low)

i'-- pq (too high)

i'--pq (_oo low)

Linear accelerations.--As regards the linear-
acceleration measurements in spins, when the

linear aecelerometers are displaced from tile center

of gravity, these acceh, rations should be corrected

for the centrifugal and cross-couph,d terms as

well as for the angular-acceleration terms. The

total readings of linear accelerometers placed

ahmg tile three body axes are as follows:

Axis

x

r

Z

Total nleasllromenL

ax -- x (r _-+ q _-)-- y (i'-- pq) + z ((j + pr)

ar--g(r_-+p:)q x(i'+pq) z(15--qr)

az + x (q -- pr) -- y (15 + qr) + z (p_ 4- q2)

and

¢-- sin-' (sin CE COS 0E)

Use of these equqtions to determine space angles
thus involves a differentiation of the true linear

velocities ahmg the three body axes to determine
at, bt, and _i't.

I)eterminalion of the Euler angle +E, the
amount thqt 'm airplane has rotated about a

vertical space axis, is more involved than the

determination of the other Euh,r angh,s. The

rate of rotation at)out a vertical space axis _'E
qB+rC

can be defined as )_-k(.'_g' an(1 the angh, _bE

wouhl then be obtained from an integration of
this term.

Determination of forces and moments. :If tim

airplane is instrumented thoroughly enough t,o
obtain accurate measurements of the various

items that have been noted, the forces and

moment coefficients in the spin can be determined
as follows:

2ub
Q_: ax Vn.t 2

Cr=ar 2ub
_FR, t 2
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It should be noted that product-of-inertia terms
are assumed to be small and are neglected in the
preceding equations; also, the pitching-moment

'coefficient is nondimensionalized on ttle basis of

the wing span.

II. IMPORTANT FACTORS THAT INFLUENCE THE SPIN AND RECOVERY

A. EFFECTIVENESS OF CONTROLS DURING SPINS

AND RECOVERIES

A developed spin involves a balance of aero-
dynamic and inertia moments and forces; thus,
the effectiveness of any control in promoting or in
terminating the spin depends not only on the
aerodynamic moments and forces produced by
the control but also on the inertia characteristics

of the airplane. A spin about any axis in space
might be considered as being made up of rotation
of an airplane about an axis through its center of
gravity plus translatory motion in space of the

center of gravity. Because a moment is required
in order to terminate the rotation, it therefore

may be said that the spin is primarily a rotary
motion and thus is affected mainly by the moments
acting upon it. As previously indicated in
equations (4), (5), and (6), tlle equations for the
monlcn.ts acting in a spin (principal axes being
assumed and engine effects being ignored) are,
respectively,

• V 2 G+_x/z

• V" C,, o+G-I,_q=_ . rp

• V2 G+_

DEVELOPED SPIN

Whether an airplane spins steep or flat and what
its rate of rotation will be arc apparently primarily

dependent upon the yawing-moment and pitching-
moment characteristics of the airplane. Low
damping in yaw at spinning attitudes or high
autorotative yawing moments lead to flat (high a),
fast rotating (high fl) spins• The interrelation of
the aerodynamic pitching moment, rate of rotation,
and angle of attack in the spin for a given mass

distribution can be seen from the approximate
pitching-moment equation obtained by equating

the aerodynamic and inertia pitching moments:

1
(Iz--rx) sin 2a

From this relation it can be seen that a nose-down

(negative) pitching moment may not nose the
airplane down but may instead lead to a higher

rate of rotation and may in fact flatten the spin.
For given directional and lateral characteristics,

the pitching moment can influence the motion so
that it may vary from _t high-rotation spin to a
low-rotation trim. Figure 12 shows that, for a
normal aerodynamic pitching-moment curve, the
corresponding angle of attack and rate of rotation
in a spin may assume a wide range of values,
depending upon the equilibriu.m, conditions that
satisfy the other two moment "equati_)ns for the
airplane design. If the aerodynamic pitching-
moment curve has a steep slope and if the airplane

.5
Stall coo°

c,. -.5 - - -. _ -_ -_ _
-I.0

-1.5 Pitching-momenl

.6 [- characteristics / /Stable
Unstable .. /

cl .21
.,.I

0 3O 60 90

tt, deg

FmuaE 12.--Effect of pitching-moment characteristics on

rate of rotation at angle of attack in the spin.
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should tend to spin flat, an extremely fast rotating

spin may result from which recovery may be

difficult to obtain because of the ensuing high

angular momentum in the spin possible for current

fighter designs with their high moments of inertia.

If, however, the pitching-moment curve becomes

unstable and shows a trim at a high angle of

attack, the corresponding spin may be very flat

with very slow rotation. Even when the rotation

is stopped, in this instance, the airplane may

remain in a trimmed condition at a high angle of
attack.

Because of the trend of current designs, the

steady developed spin has practically been elimi-

nated and in its place has come a cyclic large-

motion oscillation. As pointed out in references

19 and 21, the oscillatory spins, primarily in yaw
and roll, are associated with the long fuselage nose

lengths and the extreme mass distribution along

the fuselage of current designs. Therefore, it ap-

pears likely that tile rolling-moment characteris-
tics at the spinning attitudes can also have a

significant influence on the motions being obtained.

Spin rotation and angle of attack also can be

influenced by tile gyroscopic moment produced by

the rotating parts of a jet engine. (See ref. 22.)

Because these parts continue to rotate at a fairly

high rate even though the engine is throttled back,
+. the gTroseopic effect of the _ngine on the developed

spin and subsequent recovery therefrom must be

given proper consideration.

RECOVERY FROM THE SPIN

The effect of any control in bringing about spin

recovery depends upon the moments that control

provides and upon the effectiveness of those

moments in producing a change in angular

velocity and thus an upsetting of the spin equili-
brium. The effectiveness of the applied moment

in Upsetting the spin equilibrium, in turn, is in-

fluenced by the nlagnitudes of the moments in

balance in the developed spin. The effectiveness

of the moments depends greatly upon the mass

distribution of the airplane. (See ref. 18.)

Experience has indicated that application of a

yawing moment about the Z body axis to oppose
the spin rotation is the most effective manner of

_erminating the spin and bringing about recovel T.

Thus, the .effectiveness of a rudder deflection,

which generally crea_es a direct y_w_ng moment

on the spin, is dependent upon the magnitude of

the yawing moment produced and upon the ability
of this moment to affect the existing motion.

Similarly, it appears, that elevator effectiveness
and aileron effectiveness, in the final analysis, de-

pend upon their ability to alter the yawing mo-

ments acting. It appears that the most effective

way to influence the spin and to bring about re-

covery is to obtain a yawing moment by applying
a moment about an axis about which there is the

least resistance to a change in angular velocity

(least moment of inertia). For example, the most

proficient way to obtain an antispin yawing

moment for recovery may be to roll the airplane

(if Ix is relatively low, as it is for current designs)

in such a direction that a gyroscopic yawing

moment to oppose the spin is obtained. Thus, it

may be more efficient, and in fact essential, to

obtain a yawing moment indirectly by rolling

about the X-axis rather than by a direct

application of a yawing moment against the

resistance of a large angular momentum about

the Z-axis, particularly when the moment of
inertia about the Z-axis Iz is relatively large
because of the concentration of mass in the

fuselage. Similarly, if mass is heavily concen-

trated in the win_, movement of elevators

downward may provide the most effective means

of applying an antispin yawing nmment. This

effect can be explaint?d by examirmtio, of the
equation dcalbtg with yawing me(ion:

Mz ..... +Iv--Iv C,, I n , Ix--Iti"

This equation shows that, for airplanes designed

about 1939, the rudder was the prinmry control for

recovery. Obtainable cbangesin the aerodynamic
C,V'

term _ were relatively large (low j, and low

radius of gyration), whereas changes in the inertia
I,_- I_,

term Iz -pq were small (Ix--Ir_O). In

recent years, increases in mass distribution along

the fuselage and in wing loading have tended to

make the changes in the inertia term much more

significant and at the same time to minimize the

changes in the aerodynamic term. For example,

modern high-spce(l fighters and research airplanes,

whose control surfaces are no larger than those of

airphmcs of many years ago, have large negative

values of /.t---It because the mass is }wavily

concentrated in the fuselage; thus, it becomes
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extremely impm'! ant thal tim inert ia term be made

antispin (negative for a right spin) for recovery.

This can be done by controlling the algebraic sign

of the pitching velocity, for example, by tilting

the inner wing (right wing in a right spin) down

relative Io the spin axis. This tilting of the wing

downward makes the pitching w,locity q positive

(q-=_ sin 6) and gives rise to a cross-couph, d
inertia effect which acts in a direction that termi-

nates the spinning molten. This effect can be
considered to be similar t,o a so-calh'd roll diver-

gence, except that it is utilized to diverge (recover)
from the spin. Exn'eme care must be exercised to

avoid lilting the outer wing down as this would

h'ad to a prospin moment.. During World Wa.r II

when in many instances fuel, guns, bombs, and
engines were put_ on tile wings and, as a resuh.,

Ix--Ir was made positive, the same type of reason-

ing pointed the way toward use of elevators to

provide a nose-down or negative pit ching velocity
q. Figm'e 13 summarizes these results and S}lOWS
that the effectiveness of the vertical tail in termi-

nating the spin is greatly decreased as mass distri-

bution is increased along the fuselage or along the

wings. Because the effectiveness of tile rudder in

termimding a spin depends on the ability of the

rudder to provide a yawing deceleration, its

effectiveness is h,ssened when Iz is large, such as

for extreme loadings along the fuselage or along
the wings. Also, because rudder reversal tends to

depress the inner wing in a spin, an undesirable

prospin increment in yawing moment could ensue

because of an unfavorable cross-coupled effect

0 - 250 0 + 50

Weighf along fuselage Weight along wing

/x-Itx Io4
mb 2

FmlTm.: 13. Influence of mass distribution on ol)t.imum

control movement for reeowq-y from the spin. (See rcf.

1 for (h,finition of tail damping power lacier.)

538922 60 4

when 1he loading is predominantly along the wings.

When tile loading is predominantly Mong the

fuselage (/':,--- /r negative), aih, rons with the spin
(slick right in a righr spin) can generally be

utilized to assist the rudder and, in general, expe-

rience has indiealcd that, if tile stick is heht back

longitudinally long enough, the pilot will be able

to discern more readily between the spinning

motion an<t the ensuing aileron roll. When the

loading is predominantly along the wings ([x--/r
positive), elevators down (stick forward) can

generally be of assistance for recovery. In the

latter case, ailerons against the spin would also
be benefMal.

Based on the foregoing reasoning alone, it wouht
be expect.ed that the effect of aih'rons for erect

spins would reverse when /x--/'r changes from
negative to positive. Actually, experience in the

past has indicated that, in the vicinity of
3'-'IF

J_-_rXlO'_ of--50, aih'rons with the spin (stick

right in a right spin) generally lost their favorable

effect, and became adverse and for ailerons against
the spin the converse happened. (See ref. 18.)

This result, it is believed, has been primarily due

to a. secondary effect associated with positive C.a

of the airplane and a resulting relative prospin

increment in yawing moment because of the incre-

ment in inward sideslip that invariably occurs

when ailerons are set with the spin. This condition

shifts the aih,ron reversal point. Similarly, spin-
tunnel experience has shown that, for inverted

spins, the aileron effect reverses at a negative value
of Ix--Ir, the reversal point occurring in the

T 2r

vicinity of _X104 of --150 because the un-

shMded vertical tail in the inverted attitude

makes C,a much more significant. "Unless other-

wise indicated, aileron settings in the inverted spin
are given in terms of wing tilt relative to the

ground; and if the rolling moment is such that

tile inner wing is tilted down (relative to the spin
axis), it is considered as an aileron-with setting.

For example, in an inverted spin rotating to the

pilot's left, the inner wing would be the left wing;

moving this wing down relative to the ground
would be brought about by moving the stick

laterally to the pilot's right. The aileron-reversal

points for both erect and inverted spins can also

be influenced 1)y the elewdor setting somewhat

and, in general, eh'vator-up settings (relative to
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ground) h,ad to an aih,ron-revers_d point at a

somewhat more negative value of /-x--It than do

elevator-down se_t tags.

A factor affecting tile spin and recovery tlmt

may be likened to an ttileron effect is the interacl ion

of wing thickness and camber with mass distribu-

lion. In general, adding thickness or camber to

a wing will teml to lead to a spin with more inward

sideslip which may be favorable or adverse depend-
ing upon whether ¿he mass is distributed chiefly

along the fuselage ([x--I_. negative) or chiefly

along the wings ([x--Ir positive), respectively.

On some current airplanes, aih,,'ons are being

decreased appreciably in size, moved inboard, or

eliminated altogether. For sueh airplanes, if a

developed spin is obtained, there may be great
difficulty encountered in recovery. In some in-

stances, the design incorporates spoilers, deft eetors,

slats, leading-edge droops, or chord-extensions.

Spoilers are generally ineffective in a developed

spin because they are shielded at, the spinning

attitudes. Because they give litt.le or no rolling
moment in the spin, they cannot be substituted

for ailerons for spin recovery when a rolling

moment is required. Inadvertent set.tings of the

stick laterally against the spin (stick left in a right

spin) would, of course, also have no effect, for

spoilers whereas such a setting could be adverse
for aih'rons. Spoih'r-deflector combinations ca.n

have some effect primarily because of the drag

and corresponding aerod3mamic yawing moment

that the deflector provides in the spin. (See ref.

23.) Extension of slats generally h'ads to an effect,

similar to thai of aih,rons with the spin, that is,

stick right in a right spin. (See ref. 24.) l,eading-

edge droop and chord-extensions may have some,
effect, in a critical case and their effect would be

in conformity with the rolling moment and the

corresponding wing tilt that they could produce

in a spin. Recent experience in the spin iunnel

has iudicated that use of a differentially operated

horizontal tail may be effective for spin recovery

as a substitute for or to augment ailerons with

the spin.

All service airphmes that are spin demonstrated

are required to have an emergency antispin device
insttdled. Tail parachutes are more commonly

used ahhough rockets haw_ been used. (See refs.

28 and 26.) At the present time, the size of

parachute required for a current design must be

determined by model tests. This wouht also

be true for determination of rocket forces to supply

an adequate antispin moment. An existing report

on parachute requirements (ref. 27) is presently

considered to he inadequate for current high-speed

airphmes loaded heavily along the fuselage. The

reason for this ina(h, quacy is that a tail pare_('hute
provides both a large pitching moment and a small

yawing moment; the large pitching moment is
ineffective for spin recovery when the mass is

heavily concentrated in the fuselage, and the

small yawing moment is inadequate for recovery
for the same reason that the rudder loses its

effectiveness for extreme fuselage loadings. Refer-

encc 27 is still vdi<t for loadings where mass is

concentrated in the wings or for lo_dings where
mass is lightly concentrated in the fuselage because

here both the pitching moment and the yawing

moment could be conducive in bringing about

recovery.
The reason that the yawing moment is the most

effective means of terminating a spin and bringing

about recovery may be explained by the following
analysis: As previously indicated, the spin is

generally considered to be a motion at an angle of

attack between the stM1 m:d 90 °, the wings being

nearly perpendicular to the spin axis. For such a

motion, when there is an application of nn anti-

spin yawing moment (negatiw, for a right spin),

the yawing velocity r can be decreased either by

slowing up the rotation or l)y decreasing the angle

of attack, or both, with both changes being con-
ducive of recovery from the spin. Furthermore,

lowering the rotation gener_dly leads to a nosing

down of the airplane l>ecause of the aerodynamic

pitching moment acting and to a decrease of the

nose-up inertia pitching moment. This condition
allows the airplane to become unstalled. On the

other hand, application of a nose-down (negative)

pitching moment ean introduce a negative incre-
ment in pitching velocity either by nosing the

airplane down or by rolling down the outer wing

of the airplane (left. wing in a right spin), or both.

Left wing down will be adverse if/x--/'r is negative

(eq. (1)); thus, the yawing velocity is increased,
the spin rotation is increased, and possibly the

angle of attack is increased ratter than decreased.
Also, as previously explained, the response to a

nose-down aerodynamic moment may actually be

an increase in spin rotation 9 because the nose-up

inertia pitching moment increases to balance the

increase in the aerodynamic mmnent. Similarly,
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application of an antispin (negative) rolling

moment may roll the outer wing (left in a right

spin) down and, if Ix--/r is negative, can be
adverse and h, ad to an increase in rate of rotation

and angle of attack.

For current designs hqving extremely long
fuselage nose lengths, the criteria presented in

references 19 and 21 regarding tile nature of the

spin and recovery therefrom are inadequate at.

present, a/ld it. appears thai, for a proposed design,
resort shouhl be made to actual model tests in a

spin tunnel. This is primarily a result: of the fa('t

that the nose of the airl)lane earl be the source of

a strong autorotative moment which can he

critically dependent upon cross-sectional shape;

also even slight irregularities of the nose due to

production tolerances may have a si_fifieant
effect in some instances. As previously indicated,
the relative effects of the nose for model and air-

plane, in some instances, may be critically
dependent upon Reynolds number.

B. INFLUENCE OF LONG NOSES, STRAKES, AND

CANARDS ON SPIN AND RECOVERY

CHARACTERISTICS

Prior to the advent of jet and rocket-powered

airplanes, the influence of the fuselage in spinning

was generally small. Because of the current

trend toward vm T long nose lengths on contempo-

rary fighters, however, the fuselage effect, or more

specifically the effect of the fuselage forward of

the wing, may have considerable effect on the way

a contemporary fighter spins or recovers. In

some instances the forces and moments existing
on the forward portion of the fuselage may intro-

duce autorota.tive tendencies which may dictate

the manner in which the airplane may spin.

Information available at the present time regard-

ing desirable shapes of tile nose portion of the

fuselage from the spinning viewpoin t. and auxiliary

means for utilizing the nose portion of the airplane
to aid in spin recovery is discussed herein.

VARIATIONS IN CROSS SECTION

Effect of fuselage cross section. -Of the various

forces and nmments acting in a spin, application

of an antispin yawing moment is the most effective

means of effecting recover 5, from a given spinning

condition, and provision of a large amount of
damping in yaw is the most effective means for

the prevention of fiat fast spins. Thus, it would

appear desirable to incorporate as much aero-

d._mamic damping in yaw as possible in the fuselage

to prevent dangerous sphl conditions.

As a simplified approach to the problem, first

consider the body shown in figure 14, the profile

of which is rectangular, as being a fuselage without

wings, ta.il, or canopy and at. an angle of attack of
90 °. (See fig. 14(a).) The cross-sectional shape

of the fuselage in this case is assumed to correspond

to a symmetrical airfoil. As shasta in figure i4(b)

for this shape and flow direction, the assumed

body shape corresponds to a rectangular wing at

0 ° sideslip; changes in sideslip angle on the body

at an angle of attack of 90 ° correspond to angle-of-

attack changes on the reclangular x_qng. Sinfi-

larIy, the rectangndar fuselage at an angle of

attack less than 90 ° (fig. 14(c)), corresponds to

the rectangular wing being skewed or sideslipped

(fig. 14(d)). Thus, an analogy exists between the

d'amping in yaw of a fuselage about the spin axis
and the damping in roll of a wing about a roll

a_s, and it would appear that the various factors

that affect the damping in roll of a wing may also

affect the damping in yaw of a spinning fuselage.
One of the basic factors involved is the sectional

lift-curve slope of the wing or, for the correspond-

ing fuselage at spin attitudes, the sectional side-
force curve slope. It is desirable that the side-

force slope (side force plotted against sideslip

Spin axis, Roll axis,

Section A-_, Section A-A

(o) (b)

A

(C)

(a) R(,ctangulur fuselage at

an angle of attack of 90 °.

(c) Rectangular fuselage at

an angle of attack h,ss

than 90 ° .

(d)

(b) Corresponding wing at

an angh, of sideslip of 0%

(d) Corresl)onding wing

skewed or sideslipped.

F_(]URE 14. -Comparison of -wrodynamie angles on a rec-

tangular wing "tt low angh's of attack and a rectangular

fuselage at spin attitudes.
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angle) be negative and steep at spin attitudes in
order to dampen the rotation.

In order to illustrate the manner in which the

damping in rotation may affect the angle at which

an airplane spins (with the fuselage being assumed

to act as a skewed wing), the yawing-moment
characteristics are considered in relation to pitch-

ing and drag characteristics in figure 15. As is

indicated, for a given applied yawing moment,

decreasing the fuselage damping in yaw (assumed
to occur because of a decrease in tim slope of the

sectional side-force curve) makes for a fl_t ter spin

and a higher rotational rate.
Section side-force data for various fuselage

cross-sectional shapes are presented in figure 16.

These data correspond to an angle of attack of

90 ° of the fuselage and are presented for a crossflow

Reynolds number of either 1,000,000 or 200,000,

.4

.3

11, rps2

,Q_ ECD,_n2=(IX_].Z) ] rodions/se_

_ / Moss end
,,_ / dimet_sionol
__ - _ chorocterisfics
- _ S = 385 sq ft

b : 35 ft

• Spin equilibrium W : 33,000 Ib 2

_y 198,000 slug- ft
o Positions =

I87,000 slug- ft _

]'X = 14,000 slug-ft 2

I 1 I I i i I i I I l I

0 [__ 02 (opplied

"-----_.yowing - momen!
l _ -.,..,,c_.oef ficien t ).

.02 i-- ...... _ -- _

06_ body domping-'"
"08 i

• __1_ t ___1 1 1. [ • i 1.

30 40 50 60 7O 80 90
=, deg

FIGURE 15.--Illustration of manner in which the damp-

ing in yaw of a fuselage (assumed analogous to the

damping in roll of a skewed wing) might affect the

spin attitude of a contemporary fighter. An applied

yawing-moment coefficient of 0.02 in the spin is assumed.

or both. (The data for the elliptic section were
obtained from ref. 28 and the data for the other

sections, detailed sketches of which are shown in

fig. 17, were obtained from tests in the Langley

high-speed 7- by 10-foot tunnel.) The most perti-
nent information as regards full-scale airplanes is

that for the higher Reynolds number since the

fuselage erossflow Reynolds number of con-

temporary fighters in spins will be in excess of

1,000,000 except for a small portion near the tip
of the nose. On this basis, the cross-sectional

shapes which would appear to be the most desira-

ble from the standpoint of damping in yaw at an

angle of attack of 90 ° on frill-scale airplanes based
on variations of side force with sideslip angle are

numbers 2, 3, and 4 in figure 16. Cross section
number 1 would provide less damping than the

foregoing three cross sections, and those indicated
as undesirable are numbers 6, 7, and 8. It should

be pointed out that the rectangtflar and square
cross sections with well-rounded corners had oppo-

site effects at the higher and lower Reynolds
numbers. This result implies that care must be

exercised when models having these cross sections

are tested inasmuch as model and airplane may

have opposite effects in the very fiat spinning

region. For the elliptic section, good damping
characteristics are indicated at a Reynolds number

of 200,000 and it appears unlikely that this would

be altered appreciably at. higher Reynolds num-

bers. Although these data arc two-dimensional
and were obtained at an angle of attack of 90 °, it

is felt that they have application in the very flat

spinning range. Additional data for three-
dimensional bodies at lower spin angles of attack

are needed.

In this connection it should be pointed out that

some spinning balance tests conducted on airplane

models in England in 1936 (ref. 29) to determine

the effect of fuselage afterbody shapes at low

Reynolds number (about 70,000) indicated that
sharp-edged rectangular and sharp-edged square

shapes provided propelling moments in the

moderatdy flat spinning range for spin rates that
would be obtained on contemporary fighters.
These data are consistent with the effects that

might be anticipated from the section data just
discussed. These spinning-balance data on after-

bodies also indicate that a sharp-edged rectangular
cross section with a semicircular top was the most

undesirable fuselage shape. Of two afterbody

v_
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shape of the nose was alternately a flat-bottom

round-tel) configuration or a round-bottom flat-

top configuration. (See fig. 18 for nose-cross-

sectional shapes.) As is shown in clnu't 1, the

spin and recovery characteristics with the latter

nose cross section were superi((r to those with the
former nose cross section, with the round-bottom

section exhibiting spins only when the ailerons

were displaced against the spin or, rather, when,
because of both Ilerodynamic and inertia considera-

tions, the ailerons were displaced to give a prospin

yawing moment Tim simulation of engine rota-
tion in the opposite sense to the spin (that is, a

clockwise engine rotation and a left-hand spin) had

little effect and is not presented in the charts. Sin>
ulation of engine rotation in the same sense as

that of the spin had an appreciable ('fleet on the

poor cross-sectional shape only 0'hart 2) in that
faster spin rates and poorer recoveries were

obtained than those obtained without en#no
rotation being simulated. This result is undoubt-
edly attributable to the fact that the nose-down

pitching moment was increased because or the

gyroscopic effects of the sinmlated engine (see
ref. 22); thus, in order to bahmee this increased

pitching moment, the model was required to spin

at a faster rate. Under these conditions, recovery
from the spin was more difficult.

Brief fl'ee-spinning tests were also made on a

model of a contemporary fighter wherein the
original elliptieally shaped nose cross sevtion was

altered by flattening the bottom portion of the

fuselage forward of the wing. The model with

the elliptically shaped nose section was found

//7
_-- 2L58' "J B /" /"7 --y /__///

Section A-A Section B-B . Fuseloge

A : i

Moss ond dimensionol
choroclerisfics

S = 385.55sq t!

Sh = 9545sq fl

S v = 82.36 sq ft

ZX = 11,533 slug-ft z

Iy = 81,688 Slug-ft z

I Z : 88,364 slug-ft 2

W = 25,670 Ib

Ix,eng : 73,0(3 slug-fl 2

(oeoO.= 3t4 r0di0ns/sec

Simuloted lest oltitude
= 3o,0oo ff

Fl,;rnE 18. Cross-s.eelionM shapes of noses invo._lig;ded

on free-spinningmodel. M-odd 1. (Test data presented

in charts 1 an(t 2.) Full-scale values given.

difficult to spin, whereas fiat, fast. spins were
obtained when the bottom of the nose was

flattened. These free-spinning data. are consistent

with the spinning t)alance data presented in refer-

enee 29 on fuselage afterbodies as regards the

merit of utilizing a round-bottom fiat-top fuselage
section or an elliptic section rather than a flat-

bottom round-top section.

CONICAL NOSES AND NOSE APPENDAGES

Observed effects on noses having circular or

near-circular cross sections, including strake

effects.--Sharp-pointed noses of nearly circular
cross section have been found to have considerable

effects at spin attitudes and, although their

effect has not been fully established, some unusual

aspects of such nose shal)es have been observed

both in free-spinning and force tests. On noses

of this type at spin attitudes, asymmetric yawing
moments oftentimes appear to exist which have a

great influence on whether a spin may or may no{
be obtained. :ks has been indicated from force-

test resulls, the center of lateral load in such
instances is on the nose of the model and such

conditions apparently exist because of an early

separation on one side of the nose, probably because
of an asymmetric vortex fortnation. Effects

similar to this have been previously noted on a

sharp-nosed fuselage at angles of r_ttack approach-

ing spin attitudes. (See ref. 30.) Free-spinning
model tests indicate that these as_mnetrie

moments may be the result of some slight asym-
metry in the nose. Some models, for instance,
may spin readily in one direction and not in
another whereas at some later time the direction

in which the model will spin may reverse, this

reversal being observed ninny times during the

course of tests. On one particular sharp-nosed

mCdeI, merely rotating a very small portion of the

tip of tlle nose through a given angle caused

extremes between spinning readily and not spin-

ning; in this particular instance, this condition

indicated that slight imperfections near the tip

of the nose probably had a large effect on flow

separation on the whole forebody of the fuselage.

Flight experience on one particular sharp-nosed

design (results unpublished) lends evidence to the

fact that the asymmetric moments observed in

model tests also can occur on full-scale aircraft at.

spin attitudes. Inasnmch as these asymmetric

"v
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Frc, tTa_ 16.--Two-dimensional side-force data for various fu._elage cross-secLiona] shapes at, an angle of attack of 90 °.

Numbers correspond to cross-sectional-shape numbers referred to in text.

?

J

No. 7 No. I No. 2

No. 3 No. 6 No. 4

F[c,t-_r 17.--Dctailed dimensions of various shapes

presented in figure 16.

shapes that usually applied the most damping, one
had an elliptic cross section and the other had

sharp-edged rectangular cross section with a
semicircular bottom.

Effect of altering nose cross section. Inasmuch

as the shieldblg and interference effects of the
wing and the interference effects of the tail influ-

ence the afterbody of the fuselage, it appears that

the cross-scctionaI characteristics of this portion of

the fuselage could be obscured. In fact, spin-

tunnel experience has indicated that the effects of

fuselage afterbody shape could be neglected in

establishing criteria for (he design of an airplane
for good spin-recovery characteristics. The nose,

on the other hand, should bc relatively free of such

effects and free-spinning model data and force-test

data have shown large effects attributable to the

nose. A brief summary of some results obtained

on a free-spinning model of a contemporary

fighter is shown in chart 1, wherein the sectional

ill
i!'

]_
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moments can exist, the possibility of either con-

trolling or providing such moments to aid in the

recovery from a spin becomes apparent. One
means for doing this is by pla(qng small-span

spoiler slrips or str_kes along one sid{_ of the nose

of the fuselage as sho_ll in figure 19.

Free-spinning model tests have shown that use

of strakes, properly placed and of sufl3cient width,

can pro_qde large yawing moments in the direction

desired for spin recovery. The reason for their
effectiveness is that by causing an early separa-

tion on one side of the nose portion of the fuselage

the pressure distribution around the nose becomes

asymmetrical and, ttms, a side force is erea.ted

on the nose and a yawhag moment results. This

effect is shm_m pictorially in the smoke-flow

photographs presented in figure 20 for a model

nose at an angle of attack of 50 ° _nd an angle of

sideslip of 0% At. the present, time the available
data are not sufficient, to proxqde generalized

strake-design criteria and strake size and position
will have to be tailored to achieve the desired

effects by experimentation on each specific' desig'n.

The following generalizations (based on free-

spinning and force-test: results) can, however, be
made: For maxinmm eff(,ctiveness a strake on

only the inboard side of the fuselage (right side

in a right spin) should be extended during the

spin to obtain recovery; the strake should start.
('lose 1o the tip of the nose of the fusel'lge; and the

verticaI location of the strake should be approxi-

mately the point of maximum fuselage width.

Stroke.

Flc, t'i_E 19.'. Illustrutio_ of a st, rake,

29

L-: 57-160@

F[_,I'RE 20.--Smoke-flow lines about a sharp-nosed mode]

with and without a strake installed, a--50°; f_=O °.

Some static-force-test, results of a. sharp-nosed

model that exhibited asymmetric yawing nmments

at 0 ° sideslip are presented in figure 2l. These
tests were conducted in the Langley 20-foot free-

spinning tunnel and the Langley 300-MPH 7- by
10-foot tunnel. As is shown in figure 21, for the

Re_mlds number range tested (500,000 to

1,400,000), a large negative yawing moment

occurred at an angle of attack of 50 °, and a large

positive yawing moment occurred in the angle-of-

attack range from 65 ° to 70 ° . The center of the
lateral load was in the region of the canopy. In

order to attempt to nullify or reverse the asym-

metric yawing moments, the slrakes shown in

figure 22 were investigated. The data presented

in figure 23 show that a single strake placed on the
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FTGVR_ 2l.--Variation of yawing moment and side force with angle of attack for model 2. _=0_; M_O.07 to 0.20.

Horizontal tail on. Dimensions given are full scale.

appropriate side of the body (thtd is, on the left-

hand side when an asymmetric yawing moment

was obtained to the right) was effective in revers-

ing the direction of the yawing moment when

placed at, about, the maximum width of the body;

positioning the single st,rake lower on the body

reduced its effectiveness. Two symmetrically

disposed strakes were effective in nearly nullifying

the asymmetric yawing moments when the hori-
zontal tail was removed, but asymmetric yawing

moments, smaller in magnitude, still occurred
when the horizontal tail was installed.



STATUS OF SPIN RESEARCH FOR RECENT AIRPLANE DESIGNS 31

Fuseloge reference line.

4_ .2o:
Sechon A-A

FmrRu 22.--Stroke positions inw,stigated on mode] 2.

Dimensions given are full scale.

,2 .2

I c,.0ol
Cy ,_ 0
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-6: (e

itlCy _ -Cleon Cn 0 "-_-/Cleo
I .,'model/ I / I,' model I

-_ I ," • -.21---- "=-- - _- -- __---q Left stroke on

L ( reference line

_o_BOth strokes on
reference line

/ "_ 1 / ] o_Right stroke on

-2_---_r--F--V-- t .2k_2__ _ / ,eference,i.e
c -- " -_ if c,_F--?,--t--F--1. Strokeesr'befo.

r u|'! I_ nO_',...' reference line
| 'Ceon o.- I I "_aeon, v l

2-- _- model _ -.2}- mooel I_ Stroke 1.5:3 below

/ X [ (C)J_ reference line

ere - Coo

--.2 _.#2 -2.... -'_--

[%g-&g'--I /_;' (+t

(a) lIorizontal tail on; ,_ 50 °.

(b) tIorizontal tail off; a--50 _.

(c) ITorizontal tail off; ce--66 °.

(d) Left str'tke positioned at. various vertical locations;

horizontal tail off; a_50 °.

FmURE 23.--Effect of strokes on yawing moment and

side force on model 2. fl--0°; R 500,000; 3[_0.07.

Full-scale dimensional values given.

Additional statie-tes[ results were conducted to

determine theforces and moments acting only on
a conical nose when in the presence of the delia-

wing - body configuration shown in figm'e 24. The
nose in this inshmce was of a much lower fineness

ralio than the one presented in figure 21 and had
a smalh, r canopy. As the data presented in figure
25 show, no as_nmelric yawing moments were
observed for this nose shape; at the very flal spin
altitudes the resultant force on the nose was lhe

drag force, t)ut at the moderai e spin at !it udes l)ot h
a lift and drag were generated when sidesli t) was
applied. The contribution of a singh, stroke
located on the left-hand side of the nose to the side

force el' tO lhe incremenlal yawing moment of lhe
nose aboul the center of gravity of the model was
consistent, with tl_at presented in figm'e 23. The
st,rake contril)ution was not greatly affected by
stroke width at the very flat spin attitudes,

Section A-A

i"- -- 24.6' - .... _ .

! i
7 Nose length '

•Slroke i

_, 41.37' ,_
i

Fie, t-RE 24.--Strokes investigated on mode] 3. S=375

square feet. Full-scale dimensional values given.
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In the moderate spinning range, however, the larger

span strakc was much more effective than the

shorter span stroke, particularly at negative

sideslip angles, that is, when the air approached
tile nose from the side on which the stroke was

located.

Effect of flap-type surfaces on fuselage noses.--

Free-spinning-model tests have indicated that

extending small flap-type surfaces similar to ca-

nards on the nose was effective in aiding spin
recovery on some models. In instances where

extending such surfaces simultaneously on both

sides were effective, the fuselage cross section nea,r

the canopy was fairly deep and the surfaces were

hinged in the vicinity of the canopy. It was

apparent in such inshmces that the surfaces were

effective in increasing the damping in yaw of the

nose portion of the fuselage. In instances where

the fuselage is deep and for cases where fiat spins

are obta.ined, use of simultaneously actuated

surfaces appear to be justified; however, for the
steeper spin attitudes, or fro" slower rotating spins

where the inward sideslip on the nose may be

small, use of only one surface aetua.ted on the

inboard side (right side in a right spin) may bc

desirable and, if properly positioned, may be as

effective as the single sh'ake previously discussed.

The effects of w_rious canard arrangements on

the fuselage no_e shown in figure 26 are presented

'_ ...-_,
gth__.,/ / ,4

r"- 19.84' . I/ / I/._.-Rough,,._o_edl A4 .... B.J' 1 _ //

Section Section A"-] O"*j "Fuselage reference
A-A B-B

Large canard L75' above
fuselage reference line;

canard area, 2.22%S

Small canards 1.75'above

fuselage reference line;
total canard area, 2.22%,5'

line

Stroke on fuselage
reference line

_s

2.40' below fuse-
Ioge reference
line

FI(;URE 26.- Canards ,rod stroke investigated on model

4. llegion in which roughness added is indicated by

shaded areas. S--385.33 square feet; b=35.67 feet.

Full-scale dimensional values given,

in figure 27. These tests were conducted at a low
Reynolds number and it, should t)e noted that a.t

a higher Reynolds number the ro,'ees existing on

this particular cross-sectional fuselage shal)e might
be different. Test results of the ('loan mo(M and

the model with roughness added to tl,e nose

(region in which roughness added is shown in

fig. 26) are plotted in figure 27 and indicate that

tile positive slope of tile yawing-moment curves

of the ('lean model (indicating a propelling rather

than a damping nlmnent) was nullified by the
addition o1" roughness at an angle of attack of

90 ° , but, for the lower angles, the curves were

essentially the same. It. is interesting to note

that., for this nose shape, a prospinning mammal is

indicated for angles of atlack of 70 ° and above,

whereas for the steeper angles of attack the nose

provides damping. Regarding the various con-

figurations tested, the results indicate .that ex-
tension of one large canard sm'fa.ee high on the

fuselage or extension of a long strake gives the
most desirable results, whereas small symmetrical

canards on the bottom of the fuselage _ve the

worst results. It is interesting to note that, for

angles of atta.ck lower than 70 °, removal of the
small canard on the bot, tom leeward side of the

fuselage had favorabh_ effects, whereas, for angles
of attack higher than 70 ° , there was no effect of

removing this canard. This result is attributed

to the fact that. at. the high angles of attack the

flow was separated on the bottom of the leeward
side whether the sin,all low canard was installed

or not, whereas a.t the lower angles of attack the
small low canard on the leeward side caused the

flow to separate. These force-test data are con-
sistent will, effects noted for a freemspi]ming mod(q

of the same design.
Induced circulation about the nose,--Another

possibility for utilizing the nose to bring about

spin recovery is to induce a flow circulation about
the nose and thus generate a side force in the
direction desired. This has been a.ttempted in

the spin tunnel on two models and the circulation

was induced by rotating the conical noses on
these models. These tests showed that, when a

prospin yawing nmment was generaled by the
rotating noses, flat, fast spins were obtained;

when a yawing nmmenl was generated in the

opposite direction, however, the models wmfid

not spin.
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IlL CORRELATION OF SPIN AND RECOVERY CHARACTERISTICS FOR RECENT AIRPLANE

AND MODEL DESIGNS

" F,'ee-spinning-t, unne] investigations of sm'tll
dynanlie models of airplanes would be of little

practical value if lhe tesl results could not be

interpreted in such a manner as to predict at

hmsl the possible and at best lhe probabh, spiT]

and recovery characteristics of the airplanes being

simulated. In order to aid in mainliaining sttitablc

techniques for inlerpreting the model spins and
recoveries and to keep abreast of the effects of

various dimensional and mass design features

which show up on eonlempornry and future de-

sig'ns, a conlinuing check is made by the National
Aeronaulies and Space Administrntion lo deter-

mine how well free-spinning-! mmcl invcstign!ions
predict, the behavior of h_ll-scah, airpbmes. A

paper dealing with this subject, wt_s published in

19;30 (ref. 14) and covered 60 designs typical of
those in use between 1926 aml 1.048. Recently,
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model and full-st.ale spin amt recovery data for

21 additional designs lmve been evaluated and

this presentation will deal with these more recent

eonfigura{ ions.

Most of dw full-scale airphme spin and recovery

data used in the study were obtained through the

cooperation of dw Air Force, the Navy, and wlri-
ous aircraft nmnufacturers. For some of the con-

figurations used, extensive data in the form of time
histories of variables such as angles of attack, air-

speed, angular velocities, am[ control deflections

during spin entries, developed spins, and spin-
recovery motions were available. For other con-

figurations, only meager information such as pilots'
statements were available.

In order to get a reasonabh, comparison between

the full-scale and model results, it was necessary
to exehlde the incipient-spin portions of the air-

plane flight records and any recovery altempts

made during incipient spins; only the develol)ed

spin portions and recoveries therefrom were used.
This exclusion of some of the data is made because

of differences in the way spins are achieved in flight

and in the free-spinning tunnel. (See part I of
this report.) In flighG an airphme enters a spin

following veil-off iust above the stalli,g angle of
attack after being brought up from lower angles

of attack, whereas in the spin-tunnel-testing tech-

nique, a nmdel is hand launched into the vertietd

airstream of the tumwl with rotation applied and

at a very high angle of attack above the stall (80 °

to 90°), from whence it decreases angle of attack
as it loses launching rotation and achieves equi-

librimn in a developed spin. It usually takes an

airplane from about two to fiw_ turns to attain

a fully dew,loped spin after starting the incipient-

spin motion, with the nlmdwr of turns depending

upon configuration and control technique; recov-

eries are generally achieved much more readily

when attempted during the incipient phase of the

spin than when attempted after the spin becomes

fully dew,loped.

In table V are listed some of the physical dmr-

actevisties of the 21 configurations being consid-

ered. The ranges of those physical characteristics

encompass a variety of present-day operational

military aircraft which are normally required to

pass spin-demonstration tests.

It shouhl be noted that sehtom, if ever, were the

model and airplane being compared identical with

respect to all factors such as weight, center-of-

gravity location, moments of inertia, control-

manipulation techniques, and al] physical design

features; experience has shown that any one of
these factors can at limes have a critical effect

on spin and recovery characteristics.

Statements concerning the nature of erect spins

and recoveries obtained and the degree of agree-

ment or disagreement between model and airplane

spin and recovery characteristics are presented in

the subsequenl paragraphs for each of the 21 model .,

designs as interpreted in this amdysis. (The num-

bering of the paragraphs is consistent with the

numbering of the models described in tables V and

VI.) Where available, comparisons of inverted-

spin and recovery characteristics are included. A

summary of the results for erect-spin comparisons
is presented in table V1. It shouh] be noted that

this table lists control movemenls for optimum

recovery for both models an(l airplanes as deter-

mined t) 3" analysis of model and flight results,

even though the control nmnipuhllions used may

not have been lhe optimum. In the following
slatenwnls, some instances are discussed which

illustrate how close eorrelatiorl and proper inter-

proration of spin-tunnel test results have been of

immediate pra(.tieal value for some airplanes.
(1) The tests of model 1 indi('ated spins at an

angle of attack of 53 ° and a spin rate of 0.32 revolu-

lion per second from wlfich rocoveric._ eouhl not

be obtained. There were no adequate airplane

time-history reco,'ds of attitudes and allgulnt' ve-

locities of the spin to use in comparing with the
model results. The full-seah'-airplane tests indi- _,

eated that one spin was obtained on the airplane

from which control manipulation couhl not l)ring

about recovery, and the spin-recovery parachute

was used. In at least on(, other instance, one of

these airl)lanes spun into the _m'ound. _[odel and

airphme results appear to be in good a_'eement.
(2) Free-spinning-tunnel lesls of model 2 sinm-

lating the airplane indicated spins tit an angle of ":

qttaek of 64 ° and a spin rate of 0.33 revolution per i

second and the possibility of unsalisfiwtory re-

coveries. The angles of alla(q< and rates of rota-

tion of ttie full-scale airplane were in agreement
with the model restllis, and in some of the full-

sea lt flights it was necessary to use a spin-re-

eovery paraehute to save the airplane. This is

considered as good agreement between model and

airplane.
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(3) On model 3 in its basic clean condition, steep,

whipping-type spins occurred and satisfactory re-

coveries were obtained by rudder reversal. When

the center external store was installed, flatter

oscillatory-type spins were obtained with a varying
from about 55 ° to 70 ° and with a rate of rotation of

about 0.4 revolution per second. Satisfactory re-
coveries were obtained when the ailerons were

moved with the spin (stick right in a right spin) in

conjunction with rudder reversal. Full-scale tests,
made for the dean condition only, indicated satis-

factory recoveries by rudder reversal. No time

histories of attitude or angular-velocity variables
were available. Based on the limited full-scale in-

formation availatfle, model and airplane results for

this design are considered to be in a.greement.

(4) Results of model 4 indicated the possibility
of "no spins" and also of spins at 0.22 revolution

per second with oscillations in a from 30 ° to 65 °.

There are no time-history records in tile available

flight report, but the general nature of the motions

obtained seemed to be similar to the model spins.

Model results indicated that good recoveries would

be obtained by rudder reversal followed by moving

the elevator down. On tile airplane satisfactory

recoveries were obtained either by the same con-
trol-manipulation tedmique, by reversing the

elevator alone, or just by releasing the controls.

The flight report indicates that the elevator was

the effective control for recovery, whereas model
results indicated that the rudder was the effective
control. Based on the limited full-scale results

availabh,, there seems to be general agreement
between model and full-scale results, but the ap-

parent difference in effectiveness of rudder and

elevator between model and airplane can not be

explained, unless the airplane was not in a de-

veloped spin but instead in a steep spiral motion

which couht be unstalled by lowering the elevator

or by merely rdeasing the controls.
(5) Spins at: an angle of a tta.ek of 28 ° and a spin

rate of 0.26 revolution per second were obtained

for model 5. There were no available time-history

records of full-scale attitudes or a.ngMar velocities.

The full-scale report indicates that rapid recovery

from spins was obtained by full rudder reversal

against, the spin, arid this is in agreement with
model test results.

(6) Spins tit. an angle of attack of 360 and a

spin rate of 0.36 revolution per second were ob-

t'dned for model 6: According to the available

records, the airplane spun flatter and slower, the

angle of attack a being approximately 45 ° and the

rotation being 0.19 revolution per second. In

spite of these apparent differences in the nature

of the spins, similar and satisfactory recoveries

were ol)tained for model and airphme 1)y the nor-
real control-manipulation technique (rudder re-

versal followed by doxw_ward nlovement of

elevator).

(7) Erect spins couhl not 1)e obtained on model 7

for normal control settings for spinning. The
available full-scale information refers to "five-

turn spins" but includes no time histories of angle
of _ttack or angular velocities. These motions

ceased upon neutralization of all controls, anti it

may be that these motions were glides and turns
at an angle of attack above the stall with prospin

controls hehl, rather than being fully devdoped

spins. Based on the preceding reasoning and ex-

perience in interpreting full-scale and model spin-

recovery results, it is considered that the model

and airplane results for this design are in

a_eement..
(8) It was difficult to obtain erect spins on

model 8, and, wlten obtained, they were oscillatory

at angles of attack from 42 ° to 52 ° and rotated

at 0.24 revohttion per second. Results indicated

satisfactory recovery characteristics by sinmlta-

neous movement of ailerons with the spin and

rudder against the spin. Based on limited
full-scale information, erect spins were not ob-

tained on the airplane. As regards inverted spins,

there was at h, ast one crash which apparently
resulted because the rudder was not. held full

against the spin long enough. Later flights in

which inverted spin tests were made indicated

that satisfactory recoveries were obtained by full

rudder against the spin, and model tests were in

agreement. Based on the information awlibtble,
it. is believed that, for this design, model and air-

phme results are in agreement.

(9) Tests of model 9 indicated that the airplane

would be reluctant to spin erect. IIowever, if a

spin were encountered and allowed to develop

fully, it. would be a very oscillatory spin (a of 42 °
to 61 ° and t2 of 0.26 revolution per second) from

which recovery by rudder reversal could be either

poor or rapid. (The design had no ailerons;
spoilers used for lateral control were not effective

for spin recovery.) In the available full-so'de

data, there were no time histories of attitudes or
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angular velocilies presenled. Aldlough the spin

attcmpls are referred to in word descriptions as
"five-turn spins," statemenis are made that they

repeatedly changed direction after one turn or so
and ceased upon neutralization of lhe stick or

releasing of all controls. These results appear to

indicate "no spins." Agreement is indicated in

recovery characteristics for inverted spins or air-

plane and model. It is believed thai, for this

design, model tests have indicated the range of

possible beha_qor of tlle airplane.
(10) Spin tests of model 10 indicated that it

would be extremely difficult to obtain developed

erect spins and that, if a fully developed spin were

ol)Iaiued, it wouht be very oseill,ltory and have

angles of attack ranging from 60 ° to 75 ° wilh a
rate of rotation of 0.26 revolution per several.

Although moving full rudder against the spin

gave some satisfactory recoveries, the character-
istics were considered unsatisfactory because poor
recoveries were also oblained. (The desig'n had

no ailerons; spoilers were used for lateral eonirol.)

When erect spins were obtained on the airplane,

they were oscilhttory but were at a much lower

angle of attack and rate of rotation (o_ about 25 °
and f_ almuI 0.12 revolution per second according

to records) than were the spins obtained on the

model. No difficulty was encountered in recover-

ing from spins on lhc airplane by neutralizing the

coltI rols.

Besides having no ailerons and th'ns no adverse
lateral-control effects, lifts airphme lind small

maxinmm rudder deflections and had yawing

moments due to sideslip which remained stabilizing

at high angles of attack (unput)lished dat'l), and
it is known that each of these factors can be

favorabh' as regards preventing divergence into a

high-angle-of-at tack rapid-rate-of-yawing spin such
as some other airplanes exhit)it. The motion ob-

tained may have been, in effcet, a high-angle-of-

attack gliding turn otHained wittt full prospin
controls maintained.

This ease can perhaps be considered _s a dis-

agreement between airplane spin and recovery
characteristics and those predicted as possible

by the model tests although it, is ch,ar that both
model and airplane results indicated lhe proba-

bilily of no erect spins. The hard-to-obtain bigh-

angle-of-atlaek developed erect spin on the model,

however, should not be discounted as being im-

possibh, to obtain on the airplane. The difference

between full-scale antl model resulls may be duo

to lhe differences in test technique between model

and airplane, as previously mentioned. It should
be mentioned here th,tt on one occasion, because

of an erroneous, laterally unbalanced fuel-loading

condition (it has been reported), a high-angle-of-

atlack mlcontrollat_le spin was obtained on the

spin-demonslralion airl)l'lne , during which mMder

reversal had no effect, and it was necessary

1o use the spin-recovery parachute to save the

airplane.
Inverted-slain and recovery characleristics were

satisfactory for both model and airplane.

(11) Tests of model 11 indicated oscillatory

spins between angles of attacl,:, of 34 ° and 62 °, a
rotation rate of about 0.40 revolution per second,

and salisfactory recoveries by movement of

ailerons full with the spin anti rudder full against

the spin. No full-s,'ale records of o_ and _2 were

awdlable, but recoveries obtttined and control-

manipulation techniques required for recoveries
on the airplane were similar to those for the model.

Both model and airplmm results also indicated

good recoveries from inveried spins by moving
the slick left in an inverted spin yawing to the

pilot's right (this movement is considered as
ailerons with the inverted spin; see part IIA of this

paper) and reversing the rudder to oppose the

yawing motion of the spin. Good agreement
between model and airplane spin-recovery char-
aeteristics is indiealed.

(12) Results of the airplane and model 12 appear

to be in good agn-eement as regards the oseilhtiory

nature or lhe spins obtained, the possibility of

"no spins" when erect spins were at lenq)led, and
the turns and control-manipulation techniques re-

quired for sat isfactow recovew from both erect
and inverled spins. When erect spins were

obtained, they averaged an angle of atlac]¢ of abollg
40 ° and a rotation rate of 0.23 revolution per

second for both model and airplane. The op-

timum control-manipulation techniques for re-

covery from both erect, and inverted spins were
ailerons full with lhe spin and rudder full against

the spin. (For inverted spins, placing the ailerons

with the spin involves moving the stick left in a

spin yawing to the pilol?s rigtfl.) In one full-scale

incident, an Nrplane was lost after it failed to
recover from an inverted spin by rudder reversal,

bul_ records salvaged from the crash indicated

that the rudder h'ul been held against the spin for

K..

1
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only one-half a spinning turn; model tests showed

that, although at one-half a turn after rudder

reversal relatively little obvious change had oc-

curred in the spinning motions, at about one turn

the model was starting to recover. Subsequent

flight tests were made in which it was indicated

that maintaining rudder against the inverted spin

effected the recovery just as it did on the model.
It is considered th'tt the model and full-seah' results

for this design arc in good agreement.

(13) Model 13 spun at an angle of attack of 72 °

and a spin rate of 0.26 revolution per second. On

the spin-demonstration airplane, full l)rospin con-

trois were hehl for five full-spinning turns on only

one spin attempt. ]3ased on analysis of lhe lime-

hislory records for this flight and for other spin-

attempt flights, this spin is considered lo be the

only fully developed one directly eompantl)le with

the model results; this airphme spin was at an angle
of tLttac],7, of 05 ° and a spin rate of 0.19 revolution

per second. Both model and airplane tests indi-
cated that optimuna-recovery technique included

movement of 'filerons full with 111(, spin. Model
tests indic'tied that even use of (q)timum controls

would not always insure satisfactory recovery.

Some time after the spin-demonslration flights, an

airplane was lost. after being intention'lily spun

during a pilol-familiarization flight. During this

incident, no attempt to recover by moving ailerons
with the spin was made. In at least one other inci-

dent, one of these airplanes spun in flat from an

unintentional _pin starting at an altitude of 38,000

feet; the control manipulations used are not
known. The full-scale and model results are con-

sidered to be in good agreement.

(14) Full-scale results indicate agreemont witlt

data. for model 14 as regards the oscillatory nature

of spins and the number of turns required for re-

covery from erect or from inverted spins. Full-

seal(' spins indicate an average angle of 'lti'tek of

42 ° and fl of 0.18 revolution per second. No angle-
of-al Iack or rate-of-rotation data were obtained for

the model because its oscillatory behavior made it

too difficult to maintain it in the tmmel long

enough. For both model and airplane, satisfactory

recoveries were obtained from erect spins by simul-

taneous movement of rudder against the spin and

ailerons with the spin; whereas for both model and

airplane, satisfactory recoveries from inverted

spins were obtained t)y movement of the rudder

alone against the spin. For this design, lhe full-

scale and model results are considered to be in good
agreement.

(15) Free-spinning-tumwl tests of model 15 in-

dicated spins at, an angle of atlaek of 45 ° aml a

spin rate of 0.31 revolution per second and that

recoveries wouht be unsalisfactory unless aih'rons

were deflected full with the spin in conjunclion
with rudder reversal. Full-s(.ah, informaiion

av'filM)le was based on two insIanees in which air-

t>lanes have gone into inadvertent spins. In one

institute the pilot held aiM'ons against the spin
and was al)le to get the airplane out of the spin

only after a large number of turns and a dangerous

loss of ahitude. In the other instance, a fat,1
crash ensued. Based on t11(, limited information

available for the airplane, it is considered th'tt

model and airplane results are in agreemeni.

(163 The possibility of "no spins" is indicated

by results of both moth,1 16 and the airplane.

When spins were obtained, 111(, model spin was
tit an angle of attack of 45 ° and had a spin rate

of 0.30 revolution per secom|, and the airplane

spin was at an angle of attack of 40 ° and a spin

rate of 0.23 revolulion per second. Model resulls

showed that recoveries by rudder against the spin
would be poor but, if ailerons were moved full

with the spin as 11,, rudder was reversed, recoveries

wouhl be satisfactory. On the airplane, the pilot
used this recovery technique and the ailerons were

so ('fit,clive in providing recover,,,- that lhe airpl,me
rolled over inlo an inverted spin before he neut ral-

ized ailerons to regain normal comvol. Furlher
model lests were then made and indicated lhat

recovery on this (lesi_a could be achieved by only

partM movement of ailerons with the spin, a
result which was later proven in flight.

As regards recovery from inverted spins for this

design, available model and airplane results i.di-

eared that satisf'tctory recovery can 1)e obtained

1)3" moving the rudder full against, the spin. lIow-

ever, in one instance on the airplane, the pih)t

became disoriented during an inverlcd spin and
apIflied rudder full with the spin instead of against

the spin and finally saved lhe airplane by using the
spin-recovery paraelmtc. Additional model tests

were then made to determine whether recovery

fl'om inverted spins couhl be oblained t)y merely
neutralizing t11(, rndder, aml the results indi('at(,d

that satisfactol T recoveries eouhl be el)('tined

thereby on this airplane. It. is of interest to
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mention that for this design, which had no power-

boost for deflecting tiw rudder, pilots have ex-

perienced very high rudder-pedal forces when

attempting either to reverse or neutralize the

rudder during inverted spins. The full-scab' and
model results for this design are considered to be

in good agreement.

(17) Results of model 17 indicated oscillatow

spins with angh's of attack from 45 ° to 80 ° and a

spin rate of 0.30 revolution per second with
marginal recovery characteristics from erect spins

by movement of rudder against the spin and
ailerons with the spin. On the airplane, no trouble

was encountered in obtaining recoveries by

neutralizing all controls. IIowever, the airplane

spins were at considerably steeper angh,s of
attack than were the model spins and averaged an

angle of attack of about 35 ° and a spin rate of

about 0.30 revolution per second. Model and
full-scale inverted-spin and recovery test results

were in excellent agreement and indicated that,
in order to obtain recovery=, either full rudder

reversal or rudder neutralization accompanied by
simultaneous movement of ailerons full with the

spin must be used. One crash ensued after failure
to use either of these techniques.

Because of the discrepancy in erect spin and

recovery characteristics, which may have been due
to the differences in test techniques between model

and airplane, this case is considered to be a dis-

agreement.
(18) The basic model 18 spun at an angle of

attack of 44 ° and a spin rate of 0.39 revolution per

second, and the airplane spin is believed to have
been similar. Recoveries on the model were

satisfactory by means of rudder reversal against

the spin and were unsatisfactory when the elevator
was mow'd down simultaneously as the rudder

was reversed. On the airplane, trouble was also

encountered in recovering when the pilot used

simultaneous rudder-reversal and stick-forward

movements, and he had to fire emergency spin-

recovery rockets to save the airplane. In subse-

quent flights, the pilot used rudder reversal and

delayed moving the stick forward until another

half turn of the spin, and was able to get. satis-

factory recoveries. Model tests also showed that

stra.kes were required to provide good recovery

when certain external stores were attached, and

flight tests indicated these strakes to be necesshry

and sufficient on the airplane. Inverted-spin and

recovery characteristics for model and airplane

were also in agreement.

(19) In regard to model 19, a major change was
made in the airphme a.fter an early discussion with

the personnel of the Langley St)in-Stall Branch,
and only the fired design was teste(1 in the L_ngley

20-foot free-spinning tunnel. The model spun at

an angle of attack of 50 ° and at a spin rate of

0.37 revolution per second, and full-scale records

indicated a spin at an angle of attack of 47 ° and
0.34 revolution per second. Spin recoveries for

both model and airplane were similar and satis-

factory when the rudder was reversed and move-
ment of the elevator down followed. Recoveries

from inverted spins were also satisfactory for both

me<tel and airplane. Model and full-scale results

for this design appear to be in good agreement,.

(20) Two possible types of spin were indicated
for model 20. One type was a spin at an angle of

attack of 74 ° and with a spin rate of 0.28 revolution

per second, and the other type was a spin at an
angle of attack of about 54 ° and a spin rate of

0.10 revolution per second. The model was much

more prone to spin at. the steeper attitud(_ than at
the flatter attitude. Recoveries from the stceper

spin by rudder reversal were satisfactory but,
from the flatter spin, the model would not recover
when simultaneous rudder reversal and aileron

movement with the spin were applied. The air-

plane on several occasions entered a fiat developed

spin similar to the flatter spin of the model, being
at an angle of attack greater than 70 ° and spinning

at approximately 0.22 revohltion per second.
Recoveries could not be obtained by rudder and

aileron movement just as they could not be

obtained on the, model. In several instances, the

spin-recovery parachute had to bc used and one
test airplane crashed. Model tests at Langley

have indicated that the use of fuselage nose

strakes on this airplane should have a favorable

effect on recovery when full rudder reversal and

ailerons full with the spin are used. The test,
results further indicatc.d t|mt for optimum effccb

of strakes, a strake should be extended for recovery

only on the inboard side of the fuselage (right si<l(_
in a right spin). Analysis of this effect is given

in part IIB of this paper. A further advantage.
of using extendable strakes rather than fixed

strakes is to avoid possible worsening of longi-

tudinal stability characteristics at high angles of
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attack. Brief tests nmde of the airplane with

strakes insta.lled indicate agreement with the

model tests made with strakes on. In general,
it is felt that model results predicted full-scale

results adequately.

(21) Results of model 21 indicated the pos-

sibility of fiat-altitude rapidly rotating spins

(a=-83 °, _t=0.49 revolution per second) from

which recoveries were poor as well as of a steeper

type oscillator)- spin (c_=62 °, f_=0.22 revolution
per second) from which simultaneous reversal of

the rudder against the spin and movement of the

ailerons with the spin gave good recoveries. Full-

scale flight tests are proceeding cautiously and the

manufacturer, who has been working in close

cooperation with the personnel of the Langley
Spin-Stall Branch, has so far been able to avoid

the flat rapidly rotating spin. Recoveries have

been good from the steeper type of spin, and it
has been found essential that ailerons be moved

with the spin to achieve these recoveries. Model

and airplane results appear to be in agreement.

:For 19 of the 21 designs compared, it is con-
sidered that free-spinning-tunnel model results

were in good agreement with corresponding full-
scale airplane spins and recoveries. In the other

two cases (models 10 and 17) there appear to be

some significant differences between model a.nd

airphme results. It appears timt some of the
differences which have been noted between model

and airplane behavior (luring spins and recoveries

are due to differences in testing technique between

free-spinning-tunnel models and airplanes as well

as to differences in physical features, control-
manipulation techniques, and possible scale effects.

It should also be borne in mind that many more

repeat launching tests are made with models than

is possible in flight, and sooner or later some pilot

may get into whatever spin condition the model

results indicate as possible. Until or unless tiffs

happens there may appear to be poor correlation

for a particular design. Events similar to this

have occurred from time to time in the past.

Another factor which is being encountered today

and sometimes gives the wrong impression to a
pilot as regards full-scale and model spin correla-

tion occurs because of the high inertias of present-
day airplanes which causes them to enter what

might bc termed trajectory spins. These can be

encountered when the spin is fu'st entered and the

airplane is spinning about an axis inclined between

the horizontal and vertical. To the pilot who is

headed straight down one moment and is hori-

zontal the next, the spin would be termed oscil-

latory, but it may only seem oscillatory because

the spinning motion at the time is about an in-
clined axis. The same situation could exist at

high speeds where the airplane could go out of

control and would in effect be in a trajectory spin

about a near-horizontal ax_is. These types of spin-
entry motions as well as inverted spins entered

inadvertently during maneuvers or while attempt-

ing erect, spins or during recovery h'onl some erect

spins have accentuated a rising problem of pilot

disorientation that sometimes makes it extremely

difficult to determine the proper direction in which

to move controls for recovery. This pilot disori-

entation can give the impression of lack of agree-
merit between model and airplane behavior. Ref-

erence 31 discusses some of the apparent, reasons

for pilot's loss of orientation and points out that a

disoriented pilot in a confusing inverted or erect

spinning motion should attenlpt to orient himself

with respect to direction of turn by referring to

the airplane rate-of-turn indicator in order to de-

termine properly the direction of the yawing com-

ponent of the total spin rotation. In some cases,

it may become necessary to provide a convenient

automatic device to assure spin recovery from an
inadvertent or otherwise confusing spin motion or

from a motion in which a pilot cannot physically

actuate controls even if he is completely oriented.

The latter could happen, for example, when the

spin lms a high rate of rotation and the pilot is

well forward in the airplane and far ahead of the
spin axis, for which case accelerations on the pilot

as high as 7 or 8g's have been indicated as possible.

Even though this acceleration nets transverse to

the long axis of his body, this may nevertheless

have serious consequences as regards incapacitat-

ing him for proper handling of controls. It may

be possible to install an automatic system in which

rate gyroscopes sensitive to rolling and yawing
velocities would actuate serves to move the con-

trols properly for recovery regardless of whether
the spin is erect or inverted. Such a system would

probably have to be tailored to each airplane

design, depending on control manipulation re-

quired for optimum recovery. Separate devices

may be required for recovery from developed

spins and for recovery from incipient-spin motions

where the required control teelmique may vary.
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It may be said tlmt free-spinning-iunnel tests
of models, properly interpreted, can give good

indi_'ations of the prob_ble spin and recovery char-

aeteristics of corresponding airplanes and have

proven to be extrenwly reliable as a moans of de-

termining optimum control teclmique for best.

recovery fl'om spins. Proper control over and

specifieation of exact values and confi_mttions for

the t'aetors of weight, eentcr-of-_'avity location,
moments of inertia, control-manipulation tech-

niques, and physical design features during flight

spin tests, along with comph'.te instrument time-

history records as discussed in part IC of this

paper, shouhl aid in allowing better future cor-
relation between airplanes and models.

CQNCLUSIONS

A study has been made to determine the status

of spin resem'cb for recent airplane designs. _fajor

problem areas eonsidered were interpretation of

results of spin-model rc._carch, analytical spin

studies, techniques involved in obtaining measure-
ments of various parameters in the spin, effective-

ness of controls during spins and recoveries, in-

fluence of long noses, st ral_es, and canards on spin

aml recovery characteristics, and correlation of

airplane and model spin and recovery character-

istics. The following general conclusions are
drawn :

1. Proper interpretation of spin-tunnel results

involves accurate consideration of possible scale

effects, effects of tunnel technique, and evahmtion

of results for specific conditions of aerodynamic

and mass characteristics and control settings in

terms of sensitivity to possible variations at the

spinning attitiudcs.
2. The results of initial studies flwolving auto-

matic computing machines have indicated the

value of anMytieal techniques in augmenth_g
knowh!dge gained from free-spinning-model tests

and airplane spin tests.

3. In order to measure angle of attack and side-

slip at spin attitudes, a swiveling-type cruciform

vane that has two degrees of rotation or, as an

alternate, three vanes each h_tving one de_ee of
rotation may be used.

4. The resultant velocity ab spin attitudes

should be obtained from a pickup that swivels to
aline with the relative wind.

5. In measuring angular accelerations in spins,

an aecelerometer should be used that does not also

record cross-coupled terms.

6. In order to measure flow-dh'ection angh,s

and resultant velocity at spin attitudes, different
techniques must be used from those employed

at low angles of attack. For the transfer of tim

indicated measurements in spins to the center of

_avity, linearization of the transfer terms is not

adequate.
7. The spin is primarily a rotary motion and can

most effectively be t crmim/ted by a moment or .-

moments. It appears that provision of a yawing

moment is most effective for this purpose and that

the most effective way of providing such a moment

is _eatly dependent upon the mass distribution of

tl_e a.irplane.

8. Spin attitude a ml rate of rotation are appar- k

early gTeally dependent upon the pilching- 2>.
moment characteristics of the airplane and upon ] "

the relation of these characteristics to the yawing-

momen{ characteristics. :It. appears that rolling-

moment characteristics may also have an appre-

ciable influence upon the oscillatory nature of

the spin.

9. IIigh moments of inertia of current airplanes
and possible high angular velocities in the spin may

make it extremely diffwult to insure satisfactory

recovery through use of availal_le controls on an

airpl,me. Furthernmre, pilot disorientation in the

devcloped spin may prevent correct, use of cent rols
even when they arc sufI'wientJy effective. :It thus

becomes increasingly important to prevent the

developed spin by termin'_tion of the motion dur- i
ing the incipient spin phase. Controls ineffective

in the developed spin because of attitudes, rota-

tion, and gyroscopic effects may be effective for

termination of the incipient spin.

10. For contemporary fighters having long nose

h, ngLhs, the cross-sectional shape of the fuselage

forwm'd of the wing can have a considerable
influence on the spin and spin-recovery charac-
teristics.

11. For certain cross-sectional shapes of the

nose, the Reynolds number at whidl the nose

is operating during spins may have a consideraMe

influence on whether the nose provides a damping

or a propelling moment and may be significant in
interpretation of model results.

12. Irse of a properly placed extendible str'tke

or extendible canard-type surface actuated on

the inboard side of airplanes having long nose

!l!iI
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lengths (tMt is, right side in a right spin) may
aid in the termination of spins.

13. The results of free-spinning-tunnel model
investigations, properly interpreted, give good
indications of the probable spin and recovery
characteristics of airplanes and are extremely
reliable as a means of determining optimum
control technique for best recovery from spins.

14. For proper correlation of model and airplane
spin test results, it is essential that accurate
values of mass and dimensional characteristics at

the time of the spin tests be stipulated.

15. Existing criteria regarding the nature of
the spin and recovery therefrom are considered
inadequate for current designs having extremely
long fuselage nose lengths. It appears that, at

present for a proposed design, resort, shouhl be
made to actual model tests in a spin tunnel. This

is primarily a result of the fact that the nose of
the airphme can be the source of a strong auto-
rotative moment which can be critically dependent
upon cross-sectional shape. Also, even slight

irregularities of the nose due to production
tolerances may have a significant effect, in some
instances.

16. For current designs, determination of a
proper emergency spin-recovery device should be
made by model spin tests.

5ANGLEY RESEARCII CENTER,

z_ATIONAL AERONAUTICS ANn SPACE ADAIINISTRATION_

LANGLEY FIELD, VA., May 29, 1957.
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TABLE I. TIIE LANGI,EY 20-FOOT FREE-SPINNING TUNNEL

Speed range, fps ........................................................... 0 to 97

Dynamic pressure, lb/sq ft. ................................................ 0 to 11

R.(.ynolds munber per ft

Idling ............................................................... 84,000

Maximum ........................................................... 620,000

T(,_t section :

Position ............................................................ Vertical

Number of side's ........................................................... 12

Distance across fl'tts, ft .................................................... 20

Length (vertical), ft ....................................................... 25_

Tyt)c throat ............................................................ Closed

Return passage ....................................................... Annular

Tu,mel construction :

Test section ....................................... Riveted structural steel frame

with steel sheet skin

Housing .......................................... Structural steel frame covered

with corrugated asbestos

Fan :

Diameter, ft ............................................................... 21

Numb(.r of blades ........................................................... 3

M.tterial ............................................................... Wood

Speed ............................................................... Variable

Fan drive:

Type ................................................................. Direct

Motor ...................................... 400 horsepower at 530 rpm; 1,332

horsepower (maximum) at

700 rpm; direct current

Speed control ......................................... Armature voltage control,
constant field

Location ........................................................... Exit cone

Cooling .................................................................. Air

Air flow:

Smooth and of increasing velocity gradient of 6

percent from center to three-fourths tunnel ra-

dius, stable vertical velocity gradient (slight

divergence of walls)

ttigh acceler'_tion of airstrvam, ft/sec 2........................................ 15

High deceleration of airstream, ft/scc_ ........................................ 25

Method of smoothing:

Two sets of turning vanes downstream of end of

exit cone; honeycomb and screens in entrance

conc

Energy ratio ................................................................. 0.5

Turbulence factor ............................................................. 2.0

In(lic'tting and recording equipment :

Motion-picture camera with timer and airspeed

indicator (manometer); also, stop watch and

tachometer
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TABLE II.--YtOTARY BALANCE OF L_t_NGLEY 20-FOOT

FREE-SPINNING TUNNEL

Balance:

Typc .................................................... Resistance strain gage

Components (body _xes) ..................................................... 6

Location of measuring elements .......................... Box wtfich fits into model

Large Small
Load range: balance balance

Normal foree, Ib ............................................. 26 15

Longitudinal force, lb ........................................ 15 4

Lateral force, lb ............................................. 4 2

Yawing moment, ft-lb ........................................ 8 3

Rolling moment, ft-lb ........................................ 15 3

Pitching moment, ft-lb ....................................... 12 6

Model support:

Type ............................................ Gooseneck rotary arm (can

be readily moved to side

for free-spinning tests)

Construction ............................................. Welded tubular steel

Operation :

Drive ............................................. },/.,horsepower; variable-speed

alternating-current motor and

a right-angle gear head

Speed, rpm ............................................................. 4- 200

Range of attitude:

Angle of art trek, dcg .................................................. ___90

:ingle of sideslip, deg ................................................ _ 180

Spin radius, ft ..................................................... 0 to 2}_

Method of attitude changes .......................................... Remote control

Indicating equipment :

Airspeed .......................................................... Manometer

Rotary speed ...................................................... Tachometer

Forces and moments ........................................... Microammeter

Scale (approximate) of models tested:

I_arge balance ............................................................ 1,fl0

Small balance ............................................................ 1/20

|
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TABLE III.--MASS CIIARACTERISTICS, CONTROL SETTINGS, AND SPIN
CIIARACTERISTICS FOR AIRPLANE CONFIGURATION

Mass characteristics:

Weight, lb ............................................................. 17,835
_g

....................................................................... 0 °1°

Z

y ...................................................................... 0.009

at 15,ooo-foot altitude .................................................. 17.35

Ix, slug-It _............................................................. 17,342

It, slug-It _............................................................. 37,920

Iz, slug-It 2............................................................. 53,396
Ix--ly

mb_ ............................................................ -147X 10 -4

Iy--Iz

mbZ ............................................................. --ll0X 10 -4

Iz -- Ix
mb_ ........................................................... 257X 10-*

Control s_,ttings:

Elevator, up (stick back), deg ............................................... 20

Ailerons, against spin (stick left in spin to pilot's right), deg ....................... 14

Rudder with spin (right pedal forward in spin to pilot's right), deg ............... 30
Spin characteristics :

p, radians/sec ............................................................ 1.5080

q, radians/scc ........................................................... 0.0152

r, radians/sec .......................................................... 1.5010

,, fps ................................................................ 150.058

v, fps ................................................................ -- 12.833

w, fps ................................................................ 155.373

V, fps .................................................................... 216

a, deg ..................................................................... 46

¢_, deg .................................................................. --3.4
0_., deg .................................................................. --44

CE, deg .................................................................. 0.56

49

-...._.j

TABLE IV.--CONDITIONS INVESTIGATED AND I/ESUME OF RESULTS

R.11 ii

1

2

3

4

5

Results
on

figure--

6

6

6

7

7

Disturba.nce
applied

AC.= --0.01

.xC,= -- 0.025

A C. = - 0.04
AC_= 0.01

AC_--0.03

,XC_--0.04
W

Thrust, _-

3W
Thrust, -_-

Approximate
duration of

rlln_ sec

7.2

4.7

3.3

13.4

6.3

6.2

15.5

10. 9

Remarks

a to 0, p to 0, r approaching 0;
recovered

Generally similar to run I, only

more rapid recovery
Same as run 2

o_ and p to 0; r almost to 0;
recovered

Similar to run 4, only more

rapid; of interest is trend to

more inward sideslip as ACz
is increased

About same as run 5

a approaching0 rapidly; 2 oscil-

lations large; may indicate

rollover, recovery imminent

became too large negatively;

machine stopped
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V. -SOME PIIYSICAL CIIARACTERISTICS OF AIRPLANE DESIGNS FOR WttICII AIRPLANE

AND MODEL SPINS AND RECOVERIES ARE COMPARED

_Iodel

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

Airplane type

Midwing attack

Low-wing attack

Low-wing attack

._Iidwing fighter

Midwing fighter

Midwing fighter

Midwing fighter

Midwing fighter

Midwing fighter

Midwing fighter

Midwing fighter

Low-midwing

fighter

Low-midwing

fighter

Low-midwing

fighter

Itigh-midwing

research

Midwing fighter

Low-wing fighter

Low-wing trainer

Midwing trainer

Low-wing fighter

High-wing fighter

Maximum ...............

Minimum ..........

Angle of wing
sweep, deg

0 at 0.30c

0 at .50_

33 at .25_

0 at .27_

0 at .50_

0 at .50_

35 at .257

35 at .25_

35 at .25_

35 at .25_

40 at .25_

43 at .25_

,t5 at .25_

45 at .25_

60 at .25_

53 at leading

edge (delta

wing)
35 at .25E

0 at .25_

0 at .257

40 at leading

edge
42 at .257

6O

0

tb/sq ft x

15,175 3791i 116613,313 _1.24,2 941
13, 000

21,500 1

31,000

20, 545 ]

24, 656

15, 600 ',

14, 100 [

25, ooo :
26, 878 :

23, 996

29, 054

6, 709 ] 38. 56

I

52.00 ] 2. 52
I

53. 75 2. 45
51. 14 I • 80
41.42 _ 1.78

46 06 ! 1 87

52. O0 2. 92

56. 40 5. 10

76. 92 1.79

51.79 5. 03

63. 82 5. 20 '_

65. 73 [ 4. 44

5. 84

16, 821 30. 20 3. 04

16 500 48 _ 1 88

8:2 6 1:28!
400129 I

36, _

5,400 29 3_ :sol

]'x ]'r

)/lO 2

--49X10

117

--383

-- 205

-- 144

63

188

--- 174

--304

--567

--210

--639

--466

--557

--879

--361

--147

--59

21

--677

--840

Iy [z

rob2

143>(, 10 -4

--127

--132

-- 108

--79

--292

--221

--183

--126

- 103

--179

--96

--8O

-- 105

--64

156

--142

-- 180

--214

--58

--77

192>(, 10 -_

244

515

313

223

229

409

357

430

670

389

735

546

662

9:13

517

289

239

193

735

917

%t
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TABLE VI.-COMPARISON OF ERECT SPINS AND RECOVERIES FOR MODELS AXE) AIRPLANES

Model

1

2

3[

4

5

6

I

7 I

8[

i9

# 10

11

12 I

13

I
14

15

16

17

18

oe, deg

53

64

(9

A_ 30 to 65

28

36

No spin

At.; 42 to 52

A_.; ,t2 to 61

s., 60 to 75

t 3-1 to 62

A, 40

72

(9, (9

45

• 45

s 45 to 80

44

Model

(°)

_, rps

0. 32

Recovery
charac-
leristics
satisfac-

tory (yes
or nO)

(o)

No

• 33 ! No

(9 Yes

• 22 Yes

Control

positions
for oplimum

recovery

None

None

R.A., then

E.D.

R.A., then

_, deg t2_ rps

(_) I (_)

- 0. 33

N.A. N.A.

N A N.A. I

Airl)|ane
(b)

Recovery
charac-
teristics

satisfac-

tory (yes
or no)

No

No

Yes

Vl,s

Control

positions
for oplimum

recovery

2_-Olle

2X-on 0

R.A. then

E.D.

I_.A., thell

Remarks (See
text for details)

Agreement

Agreement

Agreement

Considered an

• 26

• 36

• 24

• 26

. 26

• 40

• 23

• 26

.31

• 30

• 30

• 39

Yes

Yes

Y(_s

No

No

Y{'s

Yes

No

Yes

Yes

Yes

No

Yes

E+D.

R.A., then

E.D.

R.A., then

E.D.

R.A. and

A.W.

ILA., then

E.D.

R.A., then

E.D.

R.A..rod

A.W.

ll.A. and

A.W.

R,A., and

A.W.

B.A. "md

A.W.

I'{,. A. li,nd

A.W.

TLA. and

A.W.

R.A. and

A.W.

R.A., then

E.D.

_.i.

45

(_)

No spin

hN.A.

h 25

N.A.

J', x40

65

f42

N.A.

40

35

_44

N.A. !

• 19

hN.A.

h.12

N.A.

• 23

• 19

.18

N.A.

• 23

• 30

l. 39

Y{,s

Yes

_i'es

Yes

_ffes

Probably

no

Yes

(_)

Yes

"Yes

Yes

E.D,

R.A., then

E.D.

R.A., then

E.D.

E._., or

R.C.

E.X. alat

R.N.

R.A. and

A.W.

R.A. and

A.W.

R,A. and

A.W.

_.A. and

A.W.

(_)

R.A. and

A.W.

E.N. "uM

R.X.

,qT.A., then

E.D.

agreement

Agreement

Agreement

Considered an

agreement
Considered an

agreement

Consi(hwed an

agreement

_onqe

disagreement

Agreement

Agreemen l

Agreement

Agreemen t

Agreement

Agreement

Disagreement

Agreement

" Model controls .it criterion spin settings; see part IA.

_' Airplane controls at norm:d for spinning.

For definition of satisfimtory recovery, see part IA.

a a and _2 approximate for airplanes.

" Rate of descent too great to hold in tunnel for measuring a and ft.

Oscillatory spin.

"No spins" also obtainable.

_, May have been "no spin."

Model spins very difficult to obtain.

i Spoilers used for lateral control.

k Not known because optimum controls not used.

z No records, but believed approximately correct based on verbal information.

" Very important not to move rudder and elevator together; see text.

AI)brevialions

_•t.

R.A.

E.D.

A.W.

E.N.

R.C.

R.N.

not .tvailable

rudder against spin

elewttor down

•filerons with

elevator neutral

release all eontrds

rudder neutral
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TABLE VI.--COMPARISON OF ERECT SPINS AND RECOVERIES FOR MODELS AND AIRPLANES--
Concluded

Model

19

20{ I

n21{

a, deg

5O

74

54

83

62

Model Air_lane
(a)

Recovery
charac-

f_, rps teristics
satisfac-
tory (yes

or no)

(9

0. 37 Yes

• 28 No

• 10 Yes

• 49 No

• 22 Yes

Control
positions

for optimum
recovery

R.A., then
E.D.

None

R.A. and

A.W.

None

R.A. and
A.W.

a, deg

(_)

47

>70

N.A.

f_, rps

(_)

0, 34

• 22

Recovery
charac-

teristics
satisfac-
tory (yes
or no)

Yes

No

Xl_es

Control
positions

for optinmm
recovery

R.A., then
E.D.

None

Remarks (See
text for details)

Agreement

Agreement

Agreement

" Model controls at criterion spin settings; see part IA.

b Airplane controls at normal for spinning.
For definition of satisfactory recovery, see part IA.

a a and f_ approximate for airplanes.

Two types of spin obtained with model.

Abbreviations

R.A.

E.D.

A.W.

rudder against spin
elevator down

ailerons with
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CIIART I.--EFFECT OF NOSE CROSS-SECTIONAL SHAPE ON SPIlg AND RECOVERY CItARACTERISTICS

OF MODEL 1 (SEE FIG. 18) WITH NO ENGINE ROTATION SIMULATED

[For aileron-against and aileron-neutral spins, recovery was attempted by full rudder reversal and simultaneous movement

of the ailerons full with the spin; for aileron-with spins, recovery was attempted by rudder reversal. (Recovery

was attempted from and steady-spin data were presented for rudder full with the spin.)]

Model 1 Attitude,
erect

Direction,

right

Altitude,
30,000 ft

Loading (see fig. 18)

Center of gravity, 33
percent

• Engine rotation not simulated

Model values converted to full scale

Elevator

full up

(Stick back)

Elevator
neutral

10U

_ 6 221)

290 0. 25

2¼, Pal,>3

a

1° U

'1 26s o. 30

4, 4½,>4½

Ailerons full against
(

(Stick left)

U--inner wing up

Flat-bottom, round-top nose (fig. 18)
a

283 0. 18

_, 1¼, 1½

_.. 4 16D

268 0. 22

>2¼, >3}

D--inner wing down

Ailerons

full with No

spin(Stick right)

l 12U

75. 7 20D

290 0. 15

½, l,:l

a, a .L_

53 [ 9U

95 17D

290 0. 12

_}, >1, >1½

Round-bottom fiat-top nose (fig. 18)

Elevator

full up

(Stick back)

Elevator
neutral

60 24U

283 I 0. 16

Ti 29 --y
89 [ 30D

276 ] 0. 20

% q

Ailerons full against
(

(Stick left)

No

spin

b I

No

spin

Ailerons full with

(Stick right)

No

spin

No

spin

° Oscillatory spin, range, or average values given.
Model entered a glide.
Two conditions possible.
Upon recovery, model entered a spin in opposite direction.

a, ] ¢,

de g d_,_____K__g

V, i a,fps rps

Turns for

recovery
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CHART2. EFFECTOFNOSECROSS-SECTIONALSHAPEONSPINANDRECOVERYCHARACTERISTICS

OF MODEL 1 (SEE FIG. 18) WITtt ENGINE ROTATION SIMULATED

[For aileron-against and aileron-neutral spins, recovery was attcmptc:t by full rudder reversal and simultaneous movement
of the ailerons full with the spin; for aileron-with spins, recovery was attempted by rudder rcvcrs:d. (Recovery was

attempted from and steady-spin data were presented for rudder full with the spin.)]

Model 1 Attitude,
erect

I
Direction, ] Loading (sec fig. 18)

right LAltitude, Center of gr'wity, 33

30,000 ft [ percent "g

Model values converted to full scale b---inner wing up

Full engine speed simulated, fly-
wheel rotation clockwise viewed

from rear (same sense as spin
direction)

D- inner wing down.

Elevator

full up

(Sti( k back)

Elewt(or
neulral

74 I 25U

s_ _gf_

._6, >-8, )>9

" 65 30U

82 20D

,-7i 
d d 1 d 14, 4_, 5_

Flat-bottom, rmmd-top nose (fig. 18)
6

7,q. 6 12U

181)-Z,Z;
I

:_4, >5, >7 ;

Ailerons full

against

(Stick left)

a, c b

70! 15U

82 17D

77725 ,ospin

_3_,>2_,>4 _

Ailerons full
with

(Stick righl)

62 ] 17U

8___L]____L
276 t 0. 20

_2, _4

34 21 U

100 25D

' 268 t 0. 18

2½,>2,>3

Elcv.ttor

full up

(Stick back)

Elevator
neutral

62 19U

77 151)

% q

50 I 35U

82 35D

q,q

Round-bottom, fiat-top nose (fig. 18)
o,e

73 7U

87 7D

_--83, 0-_16 sNi°n

b

_0

spin

Ailerons full

against
(

(Stick left)

_0

spin

Ailerons full with

(Stick right)

Xo

spin

, I

No

spin

a Oscillatory spin, range, or average wdues given.
Model entered a glide.

Two conditions possible.
d Upon recovery, modal entered a spin in opposite direction.

d cg d eg

fps rps

Turns for

recovery
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